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Life history theory predicts, and empirical studies indicate, that egg size 
can be an important determinant of fitness for a variety of species. The premise 
of these studies is that energy for reproduction is limited, and as parents increase 
energy investments in individual offspring, those offspring should accrue fitness 
benefits. The work presented in this dissertation addresses how energetic and 
hormonal resources vary with egg size and the consequences of these 
investments for offspring growth and survival in a free-living population of 
American coots {Fulica americana). Eggs vary in size at three levels: at the 
population level, among females and among eggs within females. Across all egg 
sizes, large eggs contain absolutely more yolk, albumen, shell and water than 
small eggs, but these components comprise a similar proportion of egg mass 
regardless of size. Hatchlings from large eggs have proportionately more yolk 
and body fat, but proportionately less tissue and water than hatchlings from 
small eggs. Results from a fostering experiment indicate that differences in 
absolute egg size do not erthance survival or growth in the first 2-3 weeks after 
hatching. Most variation in egg size within the population is due to differences 
among females. However, within clutches, egg size varies predictably with 
laying sequence. The first egg and later-laid eggs are smaller than eggs laid in the 
middle of the clutch. This pattern of variation in egg size is related to offspring 
survival, and weakly to growth. The largest eggs in a clutch have higher 
survival and growth than the smallest eggs in a clutch. These results suggest 
that females allocate resources unequally among eggs and these resources 
xii 
enhance offspring fitness. This hypothesis is corroborated by the concordance of 
intraclutch patterns of yolk-androgen levels with intraclutch patterns of egg-size 
variation. Maternally-derived androgens in yolks are associated with higher 
growth and social dominance in other birds and may be functionally linked to 
the relative egg-size effect on offspring performance in coots. These patterns of 
maternal effects explain a statistically significant portion of the variation in 
offspring growth and survival, however, the environmental factors have a 
much greater impact. 
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CHAPTER 1. GENERAL INTRODUCTION 
Life-history strategies are characterized by the patterns of resource 
investments made towards reproduction. These patterns are relatively clear 
when comparing strategies across taxa. Some species are long-lived, delay 
reproduction and produce few offspring, whereas other species have a short life 
span, reproduce at a young age and produce a large number of offspring (Steams 
1992). There is also variation in pattems of resource allocation to reproduction 
within species. This variation is much less pronounced than variation among 
species, however, it is intraspecific variation among individuals that is subject to 
natural selection and has the greatest fitness consequences. One measure of 
reproductive investment that can exhibit considerable variation among 
individuals is egg size. 
Egg size can accurately reflect the amount of energy and resources invested 
by females in offspring and can affect both matemal and offspring fitness. The 
total amount of energy a female invests towards reproduction should have the 
greatest impact on her fitness, whereas the amount of energy invested per-
individual offspring should have the greatest impact on offspring fitness 
(Winkler and Wallin 1987, Steams 1992, Bernardo 1996). Both clutch size and 
egg size reflect the total investments made by females, whereas only egg size 
reflects per-offspring investments. In a wide variety of species large egg or seed 
size does confer a fitness advantage to offspring (e.g., plants: McGinley et al. 1987; 
invertebrates: Azevedo et al. 1997, Jann and Ward 1999; amphibians: Kaplan 
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1980, 1992; reptiles: Sinervo 1990, Janzen 1993; fish: Eirium and Fleming 1999, 
I Heath et al. 1999), In birds, the influence of egg size on offspring performance is 
unclear (Williams 1994). In the following review, I focus on patterns of 
intraspecific variation in avian egg size and explore the causes and consequences 
of these patterns. 
Literature Review 
A large portion of intraspecific variation in egg size has been attributed to 
heritable genetic variation (Ojanen et al. 1979, Boag and van Noordwijk 1987, 
Lessells et al. 1989, Larsson and Forslund 1992), which suggests that egg size can 
respond to natural selection and mean population values can change over time 
in response to local environmental conditions. Egg-size variation has also been 
attributed to variation in proximate and ontogenetic factors including early 
nestling history, female size, female age and female nutritional status (e.g. 
Perdeck and Cave 1992, Horak et al. 1995, Potti 1999). However, many of these 
characters are plastic and their expression depends on the environment to which 
animals are exposed (James 1983, Rhymer 1992). Phenotypic plasticity can 
indicate that the environment plays a more important role in determining egg 
size than estimates of heritability would suggest. Identifying the physiological, 
evolutionary and ecological mechanisms that generate and maintain 
intraspecific variation in egg size is a critical component to understanding the 
consequence of individual variation in reproductive strategies and life-history 
evolution. 
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Intraspecific variation in egg size occurs at multiple scales; among 
populations, among females within populations, and among eggs within 
clutches. Among-population variation in egg size likely reflects factors 
associated with regional climatic and environmental characteristics. Among-
female variation in egg size is considerable, generally much greater than the 
variation in mean egg size found among populations or among eggs within 
clutches. Egg size variation at this level likely reflects the genotype and 
phenotype of females. Within clutches, egg-size variation is relatively small but 
can vary with laying sequence and several patterns have been identified. These 
intraclutch patterns most likely influence interactions among siblings during the 
nestling period and thus affect offspring fitness. 
Patterns of geographic variation in reproductive investments have a long 
history in avian ecology (Skutch 1949, Lack 1954), and have played an important 
role in developing general life-history theories of the evolution of parental 
investment strategies relative to food availability and predation pressures 
(Skutch 1949, Lack 1954, Steams 1992, Monaghan and Nager 1997, Martin et al. 
2000). Most studies have focused on latitudinal trends of clutch size, and have 
suggested that clutch sizes increase with latitude (Skutch 1949, Lack 1954, Martin 
et al. 2000). Geographic variation in egg size has received less attention, even 
though the contribution of egg size as a significant female investment is widely 
recognized (Roff 1992, Stearr\s 1992, Bernardo 1996). 
In general, egg size tends to increase with latitude (Olsen 1982, Jarvinen 
and Pryl 1989, Soler and Soler 1992, Olsen and Marples 1993, Horak et al. 1995, 
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Chylarecki et al. 1997), increase with altitude (Carey et al. 1983, Hamann et al. 
1989, Foeger and Pegoraro 1996), and change with longitude such that inland 
populations have larger egg sizes than coastal populations (Chylarecki et al. 1997, 
Jaruga 1997). In some cases, geographic variation in female size accounts for a 
portion of the variation in egg size (e.g., Horak et al. 1995). In others, egg size 
exhibits geographic variation independent of female size (e.g.. Murphy 1983). 
Large egg size may be advantageous in the colder temperatures experienced at 
higher altitudes and latitudes. One consequence of increased egg size is a smaller 
surface area to volume ratio. This ratio may affect the rate at which eggs cool 
when parents are off the nest and affect egg viability. For example, in a 
population of pied flycatchers (Ficedula hypoleiica) breeding in sub-arctic 
conditions, small eggs had reduced hatchability relative to large eggs when 
temperatures were low (Jarvinen and Vaisanen 1983, Jarvinen 1994). In addition 
to advantages of large egg sizes in low ambient temperatures, the chicks hatching 
from large eggs are able to maintain homeothermy at cold temperatures better 
than chicks from small eggs (Rhymer 1988). The differences in mean egg sizes 
among populations are detectable and may reflect adaptation to local conditions, 
however, the variation among population means is relatively small compared to 
the variation in egg size within populations. 
Most of the variation in egg size within populations (50-98%) is due to 
differences in eggs among females (e.g., Ojanen et al 1981, Ricklefs 1984, Chapter 
3). Among-female variation reflects a combination of individual differences in 
genetic, morphological, physiological and ontogenetic factors. Empirical 
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evidence from descriptive studies suggests that large eggs are often associated 
with large female body size (e.g. Vaisanen et al. 1972, Hepp et al. 1987, Larsson 
and Forslund 1992, Horak et al. 1995), older females (e.g., Crawford 1980, Perdeck 
and Cave 1992), and early laying dates (e.g. Birkhead and Nettleship 1982), 
however, there are exceptions to each of these patterns (e.g. body size: Batt and 
Prince 1978, Murphy 1986, age: Jarvinen and Pryl 1989, Potti 1993, laying date: 
Williams 1980, Horak et al. 1995). Age, body size and laying date are often 
correlated with one another, that is, older females tend to be larger and lay earlier 
in the breeding season than younger females (Perdeck and Cave 1992), which 
does not provide a very satisfying understanding of the mechanisms that 
generate and maintain egg size variation at this level. If egg size shows genotypic 
as well as phenotypic correlations with these other female characters, natural 
selection on any one of these characters can cause an evolutionary response in 
the others. 
Although a female will tend to lay eggs of similar size, there is detectable 
variation in egg size within clutches. Intraclutch variation in egg size often 
follows a pattern over the laying sequence (see Ojanen et al. 1981, Slagsvold et al. 
1984 for review). In some species, egg size increases with laying sequence (e.g. 
Mead and Morton 1985, Slagsvold and Lifjeld 1989, St. Clair 1996), while in 
others, egg size decreases with laying sequence (e.g. Ricklefs et al. 1978, Bancroft 
1984, Meathrel and Ryder 1987). More complex patterns also exist; for example, 
in several species, the first and last laid eggs are smaller than the eggs laid in the 
middle of the clutch (e.g. Parsons 1972, Gochfield 1977, Leblanc 1987, Amundsen 
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and Stokland 1988, Arnold 1991, Robertson and Cooke 1993, Williams et al. 1993, 
Kennamer et al. 1997, Erikstad et al. 1998, Chapter 3). If patterns of intraclutch 
variation in egg size are adaptive they have the most utility in mediating 
interactions among siblings. 
In birds, sibling competition for parental resources can be significant in the 
early nestling and hatchling periods (Ploger and Mock 1986). Very often the size 
hierarchies within broods can be important in determining the outcomes of 
sibling interactions. In most birds, an important factor that determines the 
extent of size hierarchies is the order of hatching. When hatching is 
asynchronous, hatchlings from the last egg(s) are considerably younger and 
smaller than earlier-hatched young, and they may be at a competitive 
disadvantage when resources are low (Slagsvold et al. 1984, Bollinger 1994). 
Patterns of egg-size variation may enhance or decrease size hierarchies due to 
hatching order, although the contribution of egg size to the size hierarchies is 
much smaller than that of hatching asynchrony (e.g., Ojanen et al. 1981, Bancroft 
1984, Amundsen and Stokland 1988, Magrath 1992, Bollinger 1994). In contrast, 
when hatching is not asynchronous, egg size may be a very important factor in 
establishing initial size hierarchies (Bollinger 1994). 
Clearly, eggs can vary considerably in size, and patterns of variation exist at 
each of the three levels outlined here. Most studies assume that large egg size 
confers an advantage to offspring after hatching, and in some cases there is good 
evidence to support this assumption (reviewed in Williams 1994, Smith and 
Bruun 1998). However, there is also evidence suggesting that egg size does not 
7 
affect growth or survival of young (e.g. Reid and Boersma 1990, Williams et al. 
1993, Reed et al. 1999, Styrsky et al. 1999). Egg size as a reproductive parameter is 
relatively well documented, but our current understanding of the causes and 
consequences of egg size-variation does not account for the diversity of observed 
patterns in egg-size variation. In this dissertation 1 explore the relationship 
between egg-size variation and embryonic and post-natal growth and survival in 
a precocial species, the American coot (Fulica americana). 
Natural History of Study Species 
The American coot is ubiquitous and conspicuous member of the Rallidae 
family that nests on wetlands throughout central and northern North America. 
I study a population of coots that nest in south-central Manitoba, Canada (50° 16' 
N, 99° 50' W). In this population, adults begin arriving at the breeding grounds 
in early April and continue arrive through the middle of May (pers. obs.). Both 
male and female coots will establish and vigorously defend territories against 
conspecifics and other species (e.g. grebes, ducks, blackbirds, muskrats and even 
humans, Gullion 1953). Coots are over-water nesters and build their nests from 
the previous years' cattails and other vegetation. Within approximately 10-14 
days after arriving on the breeding grounds, territories are established, nests are 
nearly completed and females begin laying eggs (Alisauskas and Arnold 1994). 
Eggs are laid at approximately 24 hour intervals, and laying occurs between 
the hours of 10 pm and 6 am (pers. obs.). In my study population, clutch sizes 
ranged between 5 and 16 eggs. Females that nest on the same pond will often lay 
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parasitic eggs in each other's nests (Lyon 1993). A female will lay eggs of 
characteristic color, size and shape (Arnold 1987), and in all of my studies I noted 
parasitic eggs and did not use them in analyses where female identity was a 
critical factor of interest. Both male and female coots incubate eggs (Crawford 
1977). Incubation begins once the third to sixth egg is laid, and eggs hatch in the 
order that they were laid and incubated (Alisauskas and Arnold 1994, pers. obs.). 
This laying and incubation strategy can result in extreme hatching asynchrony 
within large clutches. Differences in age between the first and last chicks to hatch 
can be as much as 8-10 days. 
Chicks hatch at a precocial 3 stage of development (Nice 1962, Starck 1993), 
which is characterized by downy young that have locomotory skills after 
hatching, but are fed by their parents. Once a portion of a clutch as hatched, one 
parent will continue incubating ui\hatched eggs while the hatched chicks follow 
and are fed by the other parent. Chicks are fed exclusively by their parents for 
approximately 2 weeks before they begin feeding themselves, however, parents 
can continue to fed chicks for up to four or five weeks after hatching (Desrochers 
and Ankney 1986, Driver 1988). The main component of diets are invertebrates 
during the first week after hatching, and as chicks age, the vegetation component 
of their diet increases (Desrochers and Ankney 1986, Driver 1988). Coots 
maintain their territory throughout the breeding season and movement of 
broods among ponds is rare (pers. obs.). Large clutch sizes, high densities of 
breeding birds, and the low degree of brood movements make coots an ideal 
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study organism for evaluating the contribution of parental investments in 
determining offspring performance. 
Organization of Dissertation 
The intent of this dissertation is to present a description of intraspecific 
variation in egg size of the American coot. I will explore the consequence of this 
variation with respect to energetic and hormonal investments made by females 
and the consequence of these investments to pre- and post-hatching offspring 
growth and survival. Chapters 2 through 5 are manuscripts to be submitted to 
peer-reviewed journals. In Chapter 2,1 describe the patterns of investments of 
yolk, albumen and shell to eggs of different sizes and the composition of chicks 
hatching from these eggs. I also describe components of embryonic growth and 
metabolism. In Chapter 3,1 explore the consequence of egg-size variation to 
offspring survival using a fostering experimental design. I test for effects of egg 
size at three levels of egg-size variation; absolute egg size, relative egg size within 
foster nests and relative egg size within natal nests. In Chapter 4,1 describe 
patterns of variation in maternally-derived hormones in egg yolks. I consider 
variation in yolk androgens among females, within females and within 
individual eggs. In Chapter 5,1 describe the relative importance of pre- and post-
hatching influences on juvenile growth during the first three weeks after 
hatching. Chapter 6 is a general conclusion of the findings from these studies. 
10 
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CHAPTER 2. EMBRYONIC GROWTH AND METABOLISM OF 
AMERICAN COOTS 
A paper to be submitted to the journal 
Physiological and Biochemical Zoology 
Wendy L. Reed, Carol M. Vleck and David Vleck 
Abstract 
In this study, I focus on intraspecific variation in avian egg size and the 
consequences of this variation to the resources in eggs, use of these resources by 
embryos, and effects on hatchlings in a population of American coots (Fulica 
americana). Eggs range in size from 20 to 36 g, and egg yolk, shell and water 
contents vary isometrically with egg size indicating that all eggs contain the same 
proportion of these resources, regardless of egg size. The proportion of the egg 
mass that is due to albumen solids (proteins and amino acids) increases slightly 
with increasing egg size. Hatchlings from large eggs contain nearly four times 
the amount of yolk-sac reserves at hatching as hatchlings from small eggs. 
Embryos developing in large eggs use a smaller proportion of the yolk available 
to them than embryos developing in small eggs, which accounts for the extra 
yolk-sac reserves at hatching. Hatchlings from large eggs have proportionately 
less lean tissue and more body fat that hatchlings from small eggs. The growth of 
embryos is well described by a sigmoid growth curve, and most of the increases 
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in embryo mass and decreases in yolk mass occur during the last one third of 
incubation. Morphometric measures of the legs (tarsus and tibia) increase nearly 
linearly throughout incubation as well as after hatching. In contrast, the head 
and wing lengths approach a plateau before hatching. After hatching, the head 
begins to grow nearly linearly, but wing length does not increase appreciably 
until 2-3 weeks after hatching, then it lengthens rapidly. The small surface area 
to volume ratio of large versus small eggs may limit oxygen diffusion and 
metabolism late in incubation. 1 incubated some eggs in hyperoxic and normoxic 
conditions to evaluate whether metabolic rates late in incubation were limited bv 
<> 
diffusion of oxygen across the eggshell. Metabolic rates of eggs in hyperoxic 
conditions were greater than metabolic rates of eggs in normoxic conditions 
during the last two days prior to convective breathing, suggesting that 
metabolism is compromised by diffusion of oxygen across the shell late in 
incubation. Hatchlings from the hyperoxic treatment were heavier than 
hatchlings from the normoxic treatment, and most of this was due to having 
more water in their tissues. These patterns of variation in resources and their 
use by embryos provide a better understanding of the functional significance of 
egg size to offspring. 
Introduction 
Life-history theory predicts that as parents increase investments made to 
individual offspring those young should benefit by having greater fitness 
through either increased survival or fecundity (Winkler and Wallin 1987, 
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Steams 1992, Bernardo 1996). In birds, egg and hatchling size are measures of 
parental investments that are relatively easy to quantify. The influence of egg 
and hatchling size on subsequent growth and survival of juveniles has been 
explored in a variety of species with mixed results (reviewed in Williams 1994, 
Amundsen 1995, Smith et al. 1995, Amundsen et al. 1996, Dawson and Clark 
1998, Blomqvist et al. 1997, Hipfner and Gaston 1999, Reed et al. 1999, Styrsky et 
al. 1999). The contribution that egg size makes to subsequent offspring 
performance may depend on how resources vary with egg size, the use of these 
resources during development, and the resulting patterns of energy availability 
and morphological characters of hatchlings from different sized eggs. 
There are two general consequences of egg size variation to embryonic 
development: variation in nutritional contents, and variation in physical 
dimensions. Nutritional resources in eggs are represented by three major 
components: 1) yolk, most of which is lipid, is the major source of energy for 
growth, maintenance and activity costs during development (Romanoff 1960, 
1967), 2) albumen is primarily water and proteins (Gilbert 1971), and 3) eggshell 
provides structure, it is a protective barrier to water loss and pathogen entry, and 
provides calcium for bone growth (Ar and Rahn 1980, Packard and Packard 1984). 
The absolute and relative amount of each component can vary with egg mass, 
and intraspecific patterns have been described for a variety of species. In general, 
large eggs always have absolutely more yolk, albumen and shell than small eggs. 
However, the proportional amount of these components can vary considerably. 
Eggs of species with precocial young are more energy dense than eggs of species 
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with altricial young (Carey et al. 1980, Sotherland and Rahn 1987). In species with 
precocial young, the amounts of yolk, albumen and shell tend to increase 
isometrically with increasing egg mass. In contrast, within altricial species, large 
eggs tend to contain proportionately more albumen (water and proteins) and 
proportionately less wet and dry yolk than small eggs (Williams 1994, Hill 1995). 
When considering the relationship between egg size as a measure of 
parental investment and offspring performance, it is the composition of the egg, 
rather than just its size that may have the most relevant consequences for 
offspring characters. Intraspecific variation in the composition of bird eggs and 
hatchlings has been relatively well studied (egg composition: reviewed in 
Williams et al. 1982, Williams 1994, Hill 1995; see also Slattery and Alisauskas 
1995, St. Clair 1996, Bugden and Evans 1997, Kennamer et al. 1997, Heaney et al. 
1998; hatchling composition: Ricklefs 1967, Durui 1975, Ricklefs et al. 1978, 
Ankney 1980, Birkhead and Nettleship 1984, Ricklefs 1984, Alisauskas 1986, Hepp 
et al. 1987, Rofstad and Sandvik 1987, Duncan 1988, Duncan and Gaston 1988, 
Thomas and Peach Brown 1988, Slattery and Alisauskas 1995, Visser and Ricklefs 
1995, Finkler et al. 1998, Bech and 0stnes 1999). However, patterns of 
intraspecific variation in embryo growth and embryo metabolism that connect 
the initial egg components with final hatchling components are not well 
resolved in birds. 
Determining patterns of embryo growth and metabolism requires large 
sample sizes and repeated measurements on individuals over the course of 
incubation. Egg metabolic rates can be measured with non-destructive samples. 
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however, measuring embryo growth necessitates termination of development. 
A reasonable estimate of embryo growth can be obtained by measuring growth of 
sibling embryos at different stages of development. Full siblings share similar 
genes and maternal egg environments, both of which may affect embryonic 
growth and development. 
The relationship between the surface area of the egg and its volume also 
varies with egg size. Surface area increases approximately to the 0.67 power of 
volume, thus, large eggs have a smaller surface area relative to their volume 
than small eggs (Paganelli et al. 1974). This relationship is particularly 
important with respect to processes that involve diffusion. In avian eggs, the 
supply of oxygen occurs only by diffusion of gases across the eggshell (Romanoff 
and Romanoff 1949, Wangensteen et al. 1970/71). Late in incubation, when 
oxygen consumption of embryos is at its maximum, oxygen supply across the 
shell may ultimately limit further increases in metabolism (Metcalfe et al. 1984, 
Stock and Metcalfe 1984), and this limitation should be greater for large eggs 
relative to small eggs. This hypothesis can be tested experimentally by increasing 
the gradient for oxygen diffusion across the shell, which should increase 
metabolism in a diffusion-limited system. 
In this study I describe variation in egg, embryo and hatchling characters 
with respect to variation in egg size of the American coot {Fulica americana), a 
birds whose young are classified as precocial 3 at hatching (active locomotion and 
motor activity, downy feathered, and fed by parents, Nice 1962, Starck 1993). I 
describe initial components of yolk, water, shell and albumen sources present in 
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eggs prior to development. I describe trajectories of embryo growth, the pattern 
of decrease in yolk sac mass, and variation in residual yolks and chick tissues 
(lean body mass and body fat) at the end of development. I also describe embryo 
growth and oxygen consumption during the latter half of incubation, and 
explore how these may be compromised by confinement within the eggshell. 
These measurements provide an estimate of variation in the amount of 
nutrients and energy available for development and how they are used, the 
limitations on growth and metabolic rates of embryos, and the consequences of 
these patterns to hatchlings of different sized eggs. 
Methods 
I studied a population of American coots breeding in the prairie-parkland 
region south of Minnedosa, Manitoba, Canada (50° 16' N, 99° 50' W) during the 
1997,1998 and 1999 breeding seasons (May through July each year). 
Egg and chick composition 
I characterized the relationships between egg components and egg size, 
and hatchling components and egg and hatchling size. For analysis of egg 
composition I collected 63 fresh eggs from 42 females. I weighed these eggs to the 
nearest 0.01 g and measured their greatest width and breadth to the nearest 0.1 
mm before separating them into their component parts (yolk, albumen and shell 
with attached membranes) following the techruque described by Ricklefs (1984). 
Yolk wet mass and eggshell mass were measured directly whereas albumen wet 
mass was estimated by subtracting the yolk and shell masses from the fresh egg 
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mass. I dried all components to a constant mass at 60 °C. This procedure allowed 
me to divide each egg into the contributions made by yolk, albumen, water, and 
the eggshell. 
For analysis of hatchling composition, 1 collected 59 eggs from 16 clutches. 
The embryo had broken into the air cell of the egg and started convective 
breathing (internal pip) in all of these eggs. I brought these eggs into a cabinet 
incubator set at 37 °C and allowed them to hatch (approximately 1 - 2 d). Once 
their feathers were fully dry, I weighed them to the nearest 0.01 g, measured the 
length of their tarsometatarsus, tibiotarsus, forearm (radius and ulna) and head 
(cerebellar prominence to tip of the bill) to the nearest 0.1 mm, and euthanized 
them with an overdose of inhaled anesthetic (Metophane). 1 dissected the yolk 
sac from the carcass and dried both the yolk sac and yolk-free carcass to a constant 
mass at 60 °C. I determined lipid content for 48 of the yolk-free carcasses by 
grinding them to a fine powder and used the entire carcasses for lipid extraction. 
Lipids were extracted in the lab of C. D. Ankney, University of Western Ontario, 
London Ontario, using a Sohxlet apparatus with petroleum ether as a solvent 
(Dobush et al. 1985). This procedure allowed me to subdivide each hatchling's 
mass into contributions from the residual yolk sac, lean chick solids, total body 
fat and water. 
Embryo growth 
I measured embryonic growth during incubation by collecting 88 eggs from 
nine different clutches. I estimated growth by comparing masses and linear 
dimensions of sibling embryos on different days of development. American coot 
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females lay large clutches of eggs and the eggs are laid 24 h apart. Adults begin 
incubation after the third to sixth egg is laid, thus, when the first eggs hatch, 
there is an approximate 24 h difference in development time between each 
successive egg in the laying sequence. I took advantage of this developmental 
continuum and collected an entire clutch of eggs when at least one egg was 
externally pipped (embryo had broken through the eggshell). If more than two 
eggs had external pips, I randomly selected two and left the remainder of the 
pipped eggs in the nest. I placed the pipped eggs in an incubator set at 37 °C and 
allowed these chicks to hatch and euthanized and dissected them as described 
above. The remainder of the eggs were stored in a refrigerator (4 °C) until 
separation into their component parts (yolk sac and embryo). I noted the 
difference between the day of collection (day of death for non-pipped embryos) 
and the hatch date for the pipped eggs (day of death for the hatchlings) and 
accounted for this difference in the age estimate of embryos and hatchlings. 1 
assumed that sibling embryos differed in development by 24 h, thus, the number 
of days to hatch for each embryo was determined from the rank order of embryos 
(see below), with the hatchlings being at day 0, and each subsequent embryo being 
one day earlier in the developmental sequence (with age correction as explained 
as above). 
I carefully opened imhatched eggs, dissected the embryos from their yolk 
sacs and embryonic membranes, and blotted the embryos dry before weighing 
them to the nearest 0.01 g. I measured their limbs and head to the nearest 0.1 
mm, as for hatchlings. I separated the yolk sac from the chorioallantois and 
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meconium and weiglied it to the nearest 0.01 g. All embryo dissections for a 
single clutch were done at the same time. Once all embryos from a clutch were 
dissected from their yolk sacs, they were easily ranked from the youngest to the 
oldest based on feather, limb, bill and eye development. I dried embryos and 
yolk sacs to a constant mass at 60 °C, then processed the embryo tissue for lipid 
extraction as described above. 
Incubation atmosphere and egg metabolism 
1 measured metabolic rates of eggs incubated in hyperoxic (60% O,) and 
normoxic (21% Oj) atmospheres. This experiment allowed me to evaluate the 
role of the eggshell and egg size in limiting metabolism of embryos late in 
incubation. I collected eggs for this experiment during their last third of 
development (between days 11 and 18 of incubation) and collected one egg from 
each of 31 females. One chick died during hatching, and measurements from 
this individual were not included in the analysis. 1 measured linear dimensions 
of all eggs (greatest length and width) to the nearest 0.1 mm and used these to 
estimate the freshly-laid egg mass (Hoyt 1979, Chapter 4). Eggs were randomly 
assigned to an incubation treatment (15 normoxic and 15 hyperoxic eggs) and 
incubated in atmosphere-controlled chambers placed in a cabinet incubator (GQF 
Mfg. Co. model 1202, Savarmah, GA) maintained at 37 °C. Each incubation 
chamber contained a maximum of 12 eggs and was continuously flushed with 
either room air or gas from a compressed gas mixture of 60% Oj balanced in N,. 
Both gas streams were saturated with water vapor at ~25 °C and then warmed to 
incubation temperature (achieving a relative humidity of -50%) before entering 
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the incubation chambers. Incubation chambers were opened twice daily to rotate 
eggs and to remove hatchlings. The oxygen content of the incubation chambers 
was monitored daily (see below) and ranged between 21% and 17% in the 
normoxic treatment (x = 20.9%) and 59% and 27% in the hyperoxic treatment (x 
= 50.3%). I increased the flow rates to the incubation chambers to re-establish the 
targeted range of oxygen concentration whenever embryonic metabolism caused 
O, levels to fall below 10% of the targeted concentration. 
I measured oxygen concentrations with a S-3A/N22 Applied 
Electrochemical Oj analyzer (AEI Technologies, Pittsburgh, Pennsylvania), and 
used a closed, constant-volume system to measure rates of egg metabolism. 
Rates of O, consumption were calculated from the difference in fractional O, 
concentrations of initial (Fi O2) and final gas samples (Fe O,) taken after a known 
amount of time had passed (Vleck 1987). I measured rates of O, consumption at 
the same time each day, took two sequential measurements from each egg on 
each day and averaged these measurements for analyses. 
The metabolic chambers were fashioned from 140 cc plastic syringes 
(Monoject®) modified with a stopcock and tygon tubing (1/8 inch I. D.) entering 
the chamber through the plunger. Two-way polyethylene stopcocks at either end 
of the syringes allowed me to flush the chambers with the appropriate 
incubation atmosphere (saturated with water vapor and warmed to 37 °C) during 
equilibration and to seal the metabolic chambers in order to create a closed 
system during measurements. I submerged the chambers in a 37 °C circulating 
water bath and maintained gas flow through the chambers during an initial 
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equilibration period at a sufficient rate such that egg metabolism had a negligible 
influence on gas composition in the chambers. During equilibration periods 
(minimum of 30 minutes), second flow-through syringes were placed in series 
downstream from the metabolic chambers. At the start of a sampling period I 
sealed the downstream syringes to isolate initial gas samples (Fi Oj) and then 
closed the stopcocks of the metabolic chambers. At the end of sampling periods 
(between 2 and 90 minutes, time depending on the age of the embryo), I used a 
syringe pump to deliver initial and final gas samples (Fe O,) to the oxygen 
analyzer at a constant pressure. Water and COj were removed from the samples 
before they entered the oxygen analyzer. Water and CO, traps consisted of two 
3cc syringes in series, the first filled with silica gel and the second with Ascarite 
II® (Thomas Scientific, Swedesboro, New Jersey). I measured the time elapsed 
between Fi and Fe gas samples to the nearest second, temperature of the water 
bath to the nearest 0.1 °C, and recorded the barometric pressure from a barometer 
with an accuracy of ± 3 mm Hg. After measurements, the eggs were removed 
from the metabolic chambers, weighed to the nearest 0.001 g and returned to the 
appropriate incubation chamber in the incubator. Hatchlings from these eggs 
were used for analysis of treatment effects on body composition, described above. 
Rates of Oj consumption (ml/h) were calculated from the following 
equation and converted to STPD (standard temperature [273 K], standard pressure 
[760 torr], dry): 
Vo2 = (140 ml-(egg mass/1.04))/Atime • (Fi-Fe)/(1-Fe) (2.1) 
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where 140 ml was the total volume of the metabolic chamber and 1.04 corrects 
fresh egg mass in g to egg volume in ml. 
I calculated the conductance of eggs to water vapor by measuring rates of 
mass loss in 67 eggs while in their incubation chambers over a known period of 
time using the following equation: 
G« = (2.2) 
AP 
where is the conductance of the shell to water vapor in mg/d torr, Mhjo 'S 
the rate of mass loss in mg/d, and AP is the difference in partial pressure of water 
vapor across the shell (Wangensteen et al. 1970/71). Partial pressure of water 
vapor in the shell was assumed to be x torr (assumed as 100% saturated vapor 
pressure tension at 37 °C) and the partial pressure outside the shell was the mean 
vapor pressure of air entering the incubation chamber (assumed as 100% 
saturated vapor pressure tension at the mean water bubbler temperature over 
the measurement period). 
Incubation atmosphere and body composition 
I also measured the effects of hyperoxic and normoxic incubation 
atmospheres on body composition of chicks at hatching. I collected an additional 
96 eggs that had already undergone natural incubation for the first 11 to 18 days 
of incubation from 16 females. I randomly chose six eggs from each female's 
clutch and randomly assigned half to each incubation atmosphere. The eggs were 
incubated in the same incubation chambers as described above. Hatchability was 
73% (35 hatched in each treatment); all eggs that did not hatch were rotten with 
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no detectable embryo development. After hatching, birds were euthanized and 
hatchling composition was determined as described above. 
Analyses 
To establish how egg and hatchling components scale with increasing egg 
and hatchling mass I estimated the slope (± 95% C. I.) for a reduced major axis 
regression (RMA, Clarke 1980) of the log of component mass against the log of 
egg or hatchling mass. My criterion for significance was whether or not the 95% 
C.I. for the slopes of these regressions included one. A slope significantly greater 
than one suggests that the proportion of that component increases with 
increasing egg or hatchling mass (positive allometry), a slope less than one 
indicates that the proportion decreases with increasing egg or hatchling mass 
(negative allometry), and a slope indistinguishable from one suggests that 
proportional amount of that component remains constant with increasing egg or 
hatchling mass (isometry). 
To characterize embryonic growth I plotted embryonic mass, yolk-sac mass 
and embryonic morphometric measurements against the days remaining until 
hatching and used Deltagraph 4.0 (DeltaPoint Inc. 1996) to fit these with a 
Gompertz sigmoid growth curve of the form: 
-( — 1 
y = a + be'* " ' (2.3) 
for each family. In this equation, x is time in days, a describes the lower 
asymptote, b describes the upper asymptote, and c and d are constants. The rate 
of growth is described by the constant d '. I assumed that initial mass and initial 
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morphometric measurements were close to zero (0.0001) at day -23 (first day of 
incubation). I estimated the mass of yolk at day -23 using the allometric 
relationship between dry-yolk mass and egg mass. To test for an effect of egg size 
on growth rates of the yolk-free embryo I regressed the growth constant (d ') 
against the average egg mass within a family and used a linear model to test for a 
slope significantly different from zero. 
Based on the hypothesis that hyperoxic incubation atmospheres will 
increase metabolic rates late in incubation, I used one-tailed t-tests to test for 
effects of incubation atmosphere on embryo metabolism for each of the last four 
days of incubation before pip. To adjust for multiple comparisons (n = 5 
comparisons), I used a Bonferroni correction and an a" value of 0.01 (Sokal and 
Rohlf 1995). I tested for an effect of egg size on day -1 (the day before pipping, 
with the greatest difference in O, consumption between treatments), with 
treatment, egg mass, and the interaction between the two as effects in a linear 
model. 
To test for an effect of incubation atmosphere on hatchling mass I used a 
linear model with treatment and females nested within treatments as factors and 
egg mass as a covariate. To test for effects of incubahon atmosphere on body 
composition at hatching (yolk-sac solids and water, lean-body solids and water, 
and body fat), I used a multiple linear regression with treatment and females 
nested within treatments as factors and egg mass as a covariate. I tested for 
heterogeneity of slopes between the treatments with an interaction term between 
treatment and egg mass. In both models the interaction term was non­
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significant (P > 0.30), and therefore I excluded it as an effect in the tests. I used a 
one-tailed t-test to test for significant differences in mean responses between the 
two incubation atmospheres. 
Results 
Egg and chick composition 
In a sample of 855 American coot eggs measured in 1997, eggs varied in 
size from 20.4 to 35.8 g (x ± SE = 29.98 ± 0.08). In the following discussion, all 
comparisons between "large" and "small" eggs refer to the values predicted from 
the allometric relationships for a 36 g egg and a 20 g egg. Both yolk solids and 
eggshell mass increased isometrically with increasing egg mass, and for albumen 
solids there was a slight proportional increase with egg mass (Table 2.1a). 
Regardless of size, American coot eggs contained approximately 15% yolk solids 
and 9% eggshell. The largest eggs contained 8% albumen solids and smallest eggs 
contained 7.5% albumen solids (Fig. 2.1). 
Hatchling mass increased with egg mass as described by the following 
equation: 
hatchling mass = -1.4861 + 0.72824 • egg mass (2.4) 
(r^ = 0.94, n = 61). Hatchling mass (including water and yolk) represented 65% of 
the initial egg mass for small eggs, and 69% of the initial egg mass for large eggs 
(Table 2.1b). Hatchlings from large eggs had yolk-sac reserves and body fat stores 
that were a greater proportion of the initial egg mass than these components in 
hatchlings from small eggs (Table 2.1b). Regardless of egg size, the amount of 
lean tissue and water in hatchlings was a similar proportion of the iiiitial egg 
Table 2.1 Parameters from log - log regressions for egg and hatchling components (b = slope and a = y-intercept for 
ordinary least squares regression). Slope from reduced major axis (RMA) is considered significantly 
different from one if the 95% C.I. does not include one. Slopes greater than one indicate positive 
allometry, slopes less than one indicate negative allometry, and slopes not different from one indicate 
isometry. 
Component n b a RMA 957oC.I. Allometry 
a. log egg component vs log fresh egg mass 
Yolk(dry, g) 63 0.60 0.90 -0.70 1.16 0.98- 1.35 Isometric 
Albumen (dry, g) 63 0.64 1.21 -1.39 1.50 1.27- 1.73 Positive 
Shell (dry, g) 63 0.76 0.96 -0.96 1.10 0.96- 1.23 Isometric 
Water (g) 63 0.98 1.01 -0.18 1.02 0.98- 1.05 Isometric 
b. log hatchling component vs log fresh egg mass 
Hatchling (incl. water and yolk sac) 61 0.94 1.09 -0.30 1.13 1.05- 1.20 Positive 
Yolk sac (dry, g) 59 0.71 5.12 -7.83 6.08 5.22- 6.93 Positive 
Lean carcass (g) 48 0.87 0.92 -0.85 0.98 0.88- 1.09 Isometric 
Carcass fat (g) 48 0.78 1.74 -2.62 1.97 1.70- 2.25 Positive 
Water (g) 59 0.86 0.97 -0.25 1.05 0.94- 1.16 Isometric 
c. log hatchling component vs log hatchling mass (includes water and yolk sac) 
Yolk sac (dry, g) 59 0.67 4.39 -6.02 5.35 4.52- 6.18 Positive 
Lean carcass (g) 48 0.86 0.82 -0.57 0.88 0.78- 0.98 Negative 
Carcass fat (g) 48 0.74 1.53 -2.06 1.78 1.51 - 2.05 Positive 
Water (g) 59 0.97 0.92 -0.01 0.93 0.89- 0.97 Negative 
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Figure 2.1 Egg components expressed as a percentage of the fresh egg mass for 
eggs that span the range of egg sizes. These are based on dry 
component masses as a percentage of the fresh egg mass calculated 
from the equations in Table 2.1. The remainder of the egg (unshaded 
area) is water. 
36 
mass. Yolk-sac and body-fat stores composed a greater proportion of the total 
mass in large hatchlings than in small hatchlings (Table 2.1c, Fig. 2.2). The 
proportions of body water and lean tissue in a large hatchlings were lower than 
in small hatchlings. 
Embryo growth 
The mean egg masses for the nine clutches used to estimate embryo 
growth ranged from 27.3 to 34.3 g. Over this range of egg masses, there was no 
discernible relationship between the growth constant (d ') (Table 2.2) and average 
egg mass (Fj - = 0.34, P = 0.58). During embryonic development lean embryo mass 
and body fat mass increased while the yolk sac mass decreased (Fig. 2.3). Most of 
the yolk-sac mass loss occurred in the last four days prior to hatching 
(approximately 75% of the yolk mass remained five days prior to hatching). Both 
morphometric measurements of the leg (tarsometatarsus and tibiotarsus) 
increased in length continuously throughout incubation (Fig. 2.4). The forearm 
and head increased very little in the last three days prior to hatching (Fig. 2.4). 
Parameters for the Gompertz equations fit to these data are presented in Table 
2.3. 
Incubation atmosphere and egg metabolism 
Oxygen consumption rates increased throughout the last 12 days of 
incubation for embryos exposed to both normoxic and hyperoxic incubation 
atmospheres (Fig. 2.5). During the two days prior to internally pipping into the 
air cell, embryos exposed to the hyperoxic atmosphere had significantly higher 
rates of oxygen consumption than embryos exposed to a normoxic atmosphere 
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Figure 2.2 Each hatchling component expressed as a percentage of hatchling mass 
for hatchlings from eggs that span the range of egg sizes. Hatchling 
mass includes water and yolk sac, and component masses are dry 
masses. The remainder of the hatchling (unshaded area) is water. 
Table 2.2 Parameters of Gompertz equations describing yolk-free embryo mass (dry g) as a function of age in 
to hatch for each of nine clutches. The constants a and b describe the lower and upper asymptote, 
respectively. The inverse of the constant d (d ') describes the rate of growth. Gompertz equation as 
( — ]  
follows: y = a + be ^ " . 
Clutch r' a b c d 
1 0.98 0.057 4.724 -5.352 3.849 
2 1.00 0.012 7.276 -2.657 6.587 
3 0.99 0.054 3.944 -5.631 3.455 
4 0.99 0.088 5.671 -4.173 5.919 
5 0.99 0.153 6.770 -4.124 6.446 
6 0.99 0.001 4.017 -7.315 4.194 
7 0.99 -0.031 5.207 -5.116 5.322 
8 0.99 0.117 5.864 -4.164 5.858 
9 0.99 0.161 3.390 -6.604 2.580 
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Figure 2.3 Changes in dry embryo components and dry yolk-sac mass over the 
incubation period. Data are the mean mass and standard error bars for 
the embryo and yolk sac. Lines are Gompertz fits from Table 2.3. The 
yolk-free embryo mass is the sum of lean-tissue mass and body-fat 
mass. 
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Figure 2.4 Ii\creases in morphometric measures of embryo limbs and head 
during the incubation period. Data are the mean length and standard 
error bars for the head, forearm, tibiotarsus and tarsometatarsus. Lines 
are Gompertz fits from Table 2.3. 
Table 2.3 Parameters of Gompertz equations describing mass and morphometric measures of embryonic growth 
as a function of age in days to hatch. Curves are plotted in Figures 2.3 and 2.4. 
Y a b c d 
Yolk-free hatchling (dry g) 0.97 0.015 4.500 -5.848 4.173 
Lean body (dry g) 0.97 0.012 3.237 -6.396 3.918 
Body fat (g) 0.93 0.005 1.286 -4.103 4.566 
Yolk sac (dry g) 0.92 -0.048 4.064 -1.204 -2.980 
Tarsometatarsus (mm) 0.97 -2.666 108.800 13.538 27.902 
Tibiotarsus (mm) 0.97 -0.645 61.019 -4.938 11.936 
Forearm (mm) 0.98 -0.075 15.182 -12.448 6.304 
Head (mm) 0.99 -0.046 30.088 -14.022 4.798 
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Figure 2.5 Oxygen consumption of coot eggs incubated in hyperoxic (-50% O,) 
and normoxic (-21% Oj) atmospheres. Data are mean and standard 
error bars for each day. Day 0 is the day of hatching and eggs pip one 
day before hatching. Fifteen eggs were incubated in the normoxic and 
14 in the hyperoxic atmosphere. Asterisk indicates mean rates of O, 
consumption differ significantly between treatments. 
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(day -4, t = 2.17, P = 0.02; day -3, t = 2.58, P = 0.008; day -2, t = 4.68, P = <0.0001). On 
the day prior to internal pip (day -2) egg size was not related to O, consumption 
rates (F, = 1-77, P = 0.20). Once embryos began tidal ventilation (day -1) there 
were no differences in oxygen consumption rates for eggs in the two treatments 
(P > 0.5). Eggs incubated in the hyperoxic atmosphere lost less mass as water 
vapor than eggs incubated in the normoxic treatment (hyperoxic: x= 7±0.3 mg/h 
and normoxic: x= 10±0.5 mg/h, t = -4.137, n = 67, P = 0.0001). Within each 
treatment there was no relationship between egg mass and rates of mass loss (P > 
0.3 in each case). 
Incubation atmosphere and body composition 
There were significant effects of incubation atmosphere, females within 
incubation treatment, and egg mass on hatchling mass (Fjg j, = 34.53, P = <0.0001, 
Table 2.4). Chicks incubated under hyperoxic conditions were heavier at hatch 
than chicks incubated in normoxic conditions (t = 1.92, P= 0.02). Sub-division of 
chicks into their component parts indicated a significant effect of incubation 
atmosphere, females within incubation treatment and egg mass on body 
components (Wilks X = 0.0001, ,43 = 5.08, P = <0.0001, Table 2.5). Examination 
of least-square means for this model indicated that on average, chicks from eggs 
incubated in hyperoxic conditions had greater yolk-sac solids, yolk-sac water and 
body-water masses; and lower lean-body mass and body-fat mass than chicks 
from eggs incubated in normoxic conditions (Table 2.4). The statistically 
significant effect of incubation atmosphere was on the amount of water in the 
chick carcass (t = 2.49, P = 0.007); chicks from eggs incubated in the hyperoxic 
Table 2.4 Results from linear model testing for effects of incubation atmosphere (20% and 607o Oj), 
egg mass on chick mass at hatching. 
female and 
ANbVA df SS MS F P 
Model 58 350.58 6.04 34.53 <0.0001 
Incubation atm. 1 6.35 14.73 0.0003 
Female[Inc. atm] 56 28.10 2.87 0.0004 
Egg mass 1 31.68 180.99 <0.0001 
Error 39 6.83 0.18 
Table 2.5 Results from multiple linear regression testing for effects of incubation atmosphere, female and egg 
mass on hatchling composition (mass of dry yolk sac, yolk-sac water, lean hatchling, body fat, and 
hatchling water). ** One-tailed t-test indicates that hatchlings from the hyperoxic treatment contain 
significantly more body water than hatchlings from the normoxic treatment. 
MANCOVA 
Incubation atm. 
Female[Inc. atm.] 
Egg mass 
Wilks X 
0.370 
0.001 
0.243 
F 
14.89 
2.68 
27.33 
^^num 
4 
224 
4 
df den 
35 
143 
35 
P 
<0.0001 
<0.0001 
<0.0001 
Least Square Means 
Hyperoxic atm. 
Normoxic atm. 
Yolk sac (g) 
0.95 
0.93 
Yolk water(g) 
1.08 
1.01 
Lean (g) Fat (g) Chick water (g) 
3.03 0.88 16.47 
3.10 0.91 15.82 
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treatment had greater body water content than chicks from eggs incubated in 
normoxic conditions. 
Discussion 
Egg and chick composition 
In American coots, the proportional amount of yolk, eggshell and water in 
eggs is similar for eggs of all sizes (Fig. 2.1). All eggs contain approximately 15% 
dry yolk and 10% dry eggshell. Albumen solids, which consist primarily of 
proteins (Romanoff 1967, Gilbert 1971, Sotherland and Rahn 1987), increase 
disproportionately with egg mass such that large eggs have absolutely and 
relatively more protein available for embryo use during development than 
embryos in small eggs, however, this difference is small (8.5% vs. 7.5% of the 
fresh egg mass). In contrast, Alisauskas (1986) and Arnold et al. (1991) reported 
that proportional wet and dry yolk masses increased with fresh egg mass in a 
population of coots nesting approximately 150 km east of this study site. Shell 
and albumen masses in those studies exhibited the same relationship with egg 
mass as 1 found in this study. For this comparison, I estimated reduced major 
axis slopes (Clarke 1980) from those obtained by an ordinary least squares 
regression in the earlier studies. The differences in these allometric patterns may 
reflect sampling error or slight discrepancies in sampling techniques (Arnold et 
al. 1991). Alternatively, these differences may reflect real geographic differences. 
Although relative egg composition is similar for all egg sizes in the 
population I studied, it is the absolute amount of energy available for growth 
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that may have the greatest impact on the hatchling. Given an energy density of 
33.1 kj/g dry yolk (Sotherland and Rahn 1987), the absolute amount of energy 
provided by the yolk in a small egg is 99 kj and the amount provided by the yolk 
of a large egg is 169 kJ. That is, there is approximately 40% more energy in the 
form of yolk available to embryos in large eggs than to embryos growing in small 
eggs. By the end of incubation, hatchlings from small eggs have consumed 98% 
of the initial yolk available, whereas hatchlings from large eggs have used only 
73% of their yolk. Assuming no changes in the energy density of yolk through 
incubation, this is equivalent to an embryo in a small egg using 97 kJ during 
incubation and an embryo in a large egg using 127 kJ during incubation. 
Although hatchlings from large eggs have 40% more yolk energy available at the 
start of incubation, they have used only 24% more of this energy source by the 
end of incubation compared to embryos growing in small eggs. The difference in 
unused portions of the yolk is reflected in the positive allometry between yolk-
sac dry mass and fresh-egg mass (Table 2.1). Hatchlings from large eggs hatch 
with approximately 5.5% of their total body weight as dry yolk whereas 
hatchlings from small eggs hatch with only 1% of their body weight as dry yolk 
(Table 2.1, Fig. 2.2). 
The residual yolk sac is used within the first 2-3 days after hatching and 
has generally been assumed to be an extra bolus of energy that can aid young in 
surviving through periods of starvation or low food availability following 
hatching (Kear 1965, Coulson et al. 1969, Parsons 1970, Ankney 1980, Birkhead 
1985, but see Duncan 1988). Lipids are known to be the main energy source used 
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by newly hatched chickens (Freeman 1971), however the yolk sac is not 
necessarily the primary source of these lipids. In several precocial species newly 
hatched young catabolize the lipids stored as body fat in the absence of food, but 
do not necessarily increase the rate at which the yolk is used (Peach and Thomas 
1986, Duncan 1988). Studies of domestic fowl suggest that yolk reserves may 
have a complex role in facilitating the physiological and morphological changes 
that occur as hatchlings make the transition from subsistence primarily on yolk 
to subsistence on external food sources (Nitsan et al. 1991, 1995). This transition 
period is marked by higher growth rates of supply organs, such as the liver, 
pancreas and intestine, relative to demand organs, such as muscle and fat, which 
grow more slowly (Kear 1965, Peach and Thomas 1986, Kantanbaf et al. 1988, 
Nitsan et al. 1991). The greater absolute and relative amounts of yolk sac reserves 
in large hatchlings may confer an advantage to them if their supply organs are 
able to grow and develop more efficiently than the supply organs in small 
hatchlings with smaller yolk-sac reserves. 
In the American coot, hatchlings from large eggs not only hatch with 
larger yolk sac reserves, but they also have relatively more body fat than 
hatchlings from small eggs. Large hatchlings have body fat reserves that make 
up nearly 5% of their body mass, whereas body fat in small hatchlings comprises 
only 3.5% of their body mass (Table 2.1, Fig. 2.2). The energy density in body fat is 
approximately 37.7 kj/g fat (Ricklefs 1974), indicating that hatchlings from large 
eggs have approximately 46 kj of energy stored as body fat, whereas hatchlings 
from small eggs have only 16 kJ of energy stored as body fat. In times of poor 
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food availability, hatchlings from large eggs may be able to resist starvation 
longer than hatchlings from small eggs. 
Embryonic growth 
Variation in embryonic growth curves in other species has been described 
with respect to interspecific variation in egg size, incubation period and the 
altricial-precocial continuum (Ricklefs and Starck 1998). Large eggs tend to have 
longer incubation periods (Rahn and Ar 1974), and this relationship is 
independent of developmental mode (Vleck and Vleck 1987). Variation in 
hatchling size due to egg size or incubation period tends to occur with uniform 
variation (uniform acceleration or deceleration) in embryo growth rates 
throughout incubation (Ricklefs and Starck 1998). That is, when embryo mass is 
corrected for egg size and expressed as a percentage of the total incubation period, 
there is very little variation in growth curves among species (Ackerman et al. 
1980, Starck 1993, Ricklefs and Starck 1998). 
Within species, the relationships between egg size, incubation period and 
growth rates are unresolved. Each of these characters vary much less within 
species than among species. In this study I detected no relationship between 
embryonic growth rate (d ') and egg size, even though hatchling size did increase 
with egg size. Statistical power (sample size is 88 eggs, maximum of 9 per day) 
may have been inadequate to detect small effects of egg size on growth rates, 
especially given the small range of egg sizes (28-34 g) I used in this experiment. 
Part of the correlation between hatchling mass and egg mass occurred 
because hatchlings from large eggs had relatively more residual yolks than 
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hatchlings from small eggs. There is slight negative allometry between lean 
carcass mass and hatchling mass (Table 2.1c). This means that the lean tissue 
component is a smaller proportion of the body mass of a large hatchling (15%) 
than in a small hatchling (17%). However, the absolute amount of lean tissue in 
large hatchling is greater than in small hatchling, and for this to occur, there 
must have been more total biosynthesis during incubation in large eggs, which 
could be accomplished by relatively small differences in growth rates or 
incubation periods. Resolving the influence of intraspecific variation in egg size 
on embryo growth will require a larger number of eggs, a greater range of egg 
sizes, and a higher resolution of incubation periods for individual eggs. 
In general, embryo growth can be described with a sigmoid growth 
function (Figs. 2.3 and 2.4). Most of the absolute increase in embryo mass occurs 
in the last 40% of incubation. Dry mass of the yolk-free embryo increases from 
an average of 0,9 g to 3.9 g during the 8 days prior to hatching, which represents 
77% of the total growth in the last 30% of embryonic development. Increases in 
lean mass and body fat begin to reach an asymptote prior to hatching (Fig. 2.3), 
indicating that growth rates and rates of body fat accumulation decrease during 
this period. The greatest increases in embryo mass are coincident with a 
precipitous decrease in yolk-sac mass. 
The time of fastest tissue growth and yolk use occurs when the 
membranes for gas exchange with the atmosphere and nutrient supply from the 
yolk are already fully developed. There are two vascularized membranes in bird 
eggs supplying resources to the embryo. The chorioallantoic membrane is 
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situated against the inside of the inner eggshell membrane and acts as the 
primary gas-exchange organ for the embryo (Wangensteen 1972). Oxygen 
diffuses through pores in the eggshell and into the chorioallantoic blood vessels 
to be transported to metabolically active tissues, and CO, diffuses in the opposite 
direction (Wangensteen 1972, Paganelli 1980). The yolk sac membrane envelops 
the yolk, from which nutrients, lipids and other resources to be metabolized by 
the embryo are absorbed and transported via the yolk sac and hepatic circulation 
(Rol'nik 1970). In chickens {Gallus gallus domesticus ) these membranes are 
fully developed approximately 50-60% of the way through incubation (Romanoff 
1960, Rol'nik 1970). Assuming that the timing of development of these 
membranes is similar in coots, they coincide with the beginning of the highest 
growth rates of embryos. 
The patterns of growth of the whole embryo and of its component parts 
differ from one another. Morphometric measures of embryo growth begin to 
increase earlier during incubation than increases in mass (Figs. 2.3 and 2.4). 
While this may seem initially counterintuitive, (i.e. how can the length of limb 
and head increase without an appreciable increase in mass?), there is very little 
calcification of bones or muscle development of the limbs and head that would 
contribute to significant increases in mass early in embryogenesis (reviewed in 
Starck 1993). Measures of wing and head length begin to reach a plateau up to 10 
d prior to the end of incubation, whereas the lengths of the tarsus and tibia of the 
leg increase nearly linearly throughout incubation (Fig. 2.4). American coot 
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chicks are mobile at the time of hatch and the sustained growth of limbs probably 
indicate their relative importance during the post-hatching period. 
I can combine embryonic morphometric measurements here with post-
hatching morphometric measurements (see Chapter 5 for methods) to examine 
the pattern of growth throughout the entire developmental process (Figs. 2.6, 2.7, 
and 2.8). The tarsus and tibia grow linearly throughout development (Fig. 2.7). 
In contrast, forearm length begins to reach a plateau during incubation, and 
growth remains slow until about three weeks after hatching, at which point it 
increases rapidly (Fig 2.8). Increases in head length slow during incubation, but 
begin to increase nearly linearly after hatching (Fig 2.8). Coots fledge (leave their 
natal pond) between 60 - 70 days after hatching (Gullion 1954), at which point 
their wings are fully developed. If resources for growth and development are 
limited, natural selection may have acted on the timing of growth and 
development of specific structures to coincide with their greatest utility (Ricklefs 
1979). 
Embryo metabolism 
Factors that may limit growth and development within the rigid confines 
of avian eggshells may include space and access to resources. These limitations 
increase through development as embryo size increases, yolk volume declines, 
and chorioallantoic membrane area reaches its maximum. Prior to pipping, all 
O2, CO2 and water exchange in eggs occurs by diffusion across the eggshell and 
eggshell membranes (Wangensteen et al. 1970/71). Throughout most of 
incubation the diffusion potential of gases likely exceeds the metabolic needs of 
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Figure 2.6 Combined data from Chapters 2 and 5 illustrating the pattern of 
increase in embryo and chick mass from 12 days before hatching 
through to 33 days after hatching. Data points for post-hatching mass 
are based on repeated measures of 13 individuals and embryo masses 
are siblings from nine clutches. 
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Figure 2.7 Combined data from Chapters 2 and 5 illustrating the pattern of 
increase in tibia and tarsus lengths from 12 days before hatching 
through to 33 days after hatching. Data points for post-hatching 
lengths are based on repeated measures of 13 individuals and embryo 
lengths are from siblings of nine clutches. 
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Figure 2.8 Combined data from Chapters 2 and 5 illustrating the pattern of 
increase in head and wing lengths from 12 days before hatching 
through to 33 days after hatching. Data points for post-hatching 
lengths are based on repeated measures of 13 individuals and embryo 
lengths are from siblings of nine clutches. 
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the embryo (Ar ar\d Rahn 1985). Near the end of incubation, when metabolic 
demands are at their highest, the supply of oxygen via passive diffusion may 
compromise further increases in metabolism to support growth (Metcalfe et al. 
1984, Paganelli and Rahn 1984, Ar and Rahn 1985). 
Metabolic rates of coot embryos increase throughout incubation, but for 
approximately three days prior to beginning convective breathing, metabolic 
rates increase very little under normoxic conditions (Fig. 2.5). This plateau in 
metabolic rate prior to hatching has been described for eggs of other species with 
precocial young and is different from the pattern described for eggs of altricial 
birds (Vleck et al. 1980). In birds with altricial young, oxygen consumption rates 
increase nearly continuously throughout incubation or may reach a plateau for 
only a short period prior to internal pipping (Vleck et al. 1980, Prinzinger et al. 
1995). The differences in these patterns of metabolic rates may result from 
differences in patterns of embryo growth rates during this period (Vleck et al. 
1980, Vleck and Bucher 1998). As discussed above, growth rates of American coot 
embryos decline prior to hatching, and these decreases do correspond with the 
plateau in metabolic rates. However, the cause and effect relationship between 
the plateau in metabolism and the decline in growth rate is unclear. The 
increase in metabolism of eggs incubated in hyperoxic versus normoxic 
atmospheres suggests that, in coots, the plateau in metabolism prior to hatching 
is functionally due to limitation of oxygen supply across the eggshell. 
The metabolic rates of eggs incubated in the hyperoxic atmosphere were 
higher than the metabolic rates of eggs incubated in normoxic conditions in the 
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last 2-3 days prior to pipping. This finding is presumably due to the increase in 
the gradient for oxygen diffusion into the egg and is consistent with the 
hypothesis that metabolism is limited by oxygen availability. This result is 
similar to that found for domestic chicken eggs incubated under hyperoxic 
conditions (Temple and Metcalfe 1970, McCutcheon et al. 1982, Metcalfe et al. 
1984). However, Williams and Swift (1988) found that metabolic rates of 
northern bobwhite quail eggs {Colinus virginianus) did not respond to increased 
O, availability during incubation. American coot eggs are about three times as 
large as quail eggs and half the size of chicken eggs (American coot eggs, 30 g, 
quail eggs, 10 g, and chicken eggs, 60 g). The surface area to volume ratio of eggs 
declines exponentially with increasing egg mass. Thus, the surface available for 
diffusive gas exchange in small eggs, like the northern bobwhite quail, may be 
sufficient to support metabolism throughout incubation whereas the surface area 
of larger eggs is insufficient and metabolism is thereby limited. 
American coot hatchlings from eggs incubated in the hyperoxic 
atmosphere also hatched at a greater mass than chicks from eggs incubated under 
normoxic conditions, which at first glance suggests that the embryo growth rates 
were also greater. However, most of the difference in hatchling mass between 
the two incubation treatments was due to the higher water content of the yolk-
free hatchling and not to biosynthesis of additional tissue. The higher water 
content of chicks from eggs in the hyperoxic treatment is likely the result of the 
lower rates of water loss from these eggs and possibly the higher metabolic rates 
and increased production of metabolic water of these embryos. However, the 
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estimated difference in metabolic water production for eggs in the two 
treatments is small (0.08 ml). This estimate is based on an approximation of the 
area between the two curves in Figure 2.5 and the relationship between the 
amount of water produced per liter of oxygen consumed (0.53 ml H,0 per 1 O, 
consumed, Ar and Rahn 1980). 
Eggs incubated in the hyperoxic treatment lost mass in the form of water 
vapor at a slower rate than eggs incubated normoxic conditions, which may have 
been the result of the physics of the diffusion properties of water vapor 
molecules moving through gases that vary in density (Paganelli et al. 1975). 
Alternatively, the hyperoxic atmosphere may have caused a structural change in 
the barrier to diffusion. In domestic chicken eggs incubated in hyperoxic 
atmospheres, the diffusion coefficient of carbon monoxide (D(-o ) across the shell 
was consistently less than that for eggs incubated in normoxic conditions 
(Temple and Metcalfe 1970). Temple and Metcalfe (1970) suggest that the lower 
D(-o is a function of increases in the thickness and decreases in the surface area of 
chorioallantoic membranes, which would effectively decrease diffusion across 
the shell. Regardless, the differences in body mass of coots were likely due to 
differences in retention of water. Eggs were exposed to the treatment incubation 
atmospheres for approximately 12 days and, based on the mean differences in the 
rate of water vapor (mass) loss between these two treatments (63 mg/d), after 12 
days the differences in total mass loss should have been 0.76 g. This difference is 
very similar to the average difference in hatchling mass between the two 
treatments (0.73 g). This analysis suggests that the difference in water content of 
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the chicks was due mostly to differences in the rates of mass loss and not to 
accumulation of metabolic water. 
Summary 
The avian egg may contain all the material needed for embryo growth and 
development, but there are also constraints placed on the embryo due to limited 
resources and space. For example, conductances of eggs play an important role in 
the diffusion of gases for respiration as well as for water vapor that is lost to the 
environment through incubation. Any imbalance, and embryos may become 
either limited by oxygen diffusion, or eggs may lose too much or too little water 
by the end of incubation. Egg size does appear to be an honest reflection of 
female investment; large eggs contain absolutely more resources than small eggs. 
If investments made to eggs are the primary reproductive investment one would 
expect that young from large eggs should have a fitness advantage over young 
from small eggs, and this is explored in the following chapters. 
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CHAPTER 3. DETECTING FITNESS CONSEQUENCES OF MATERNAL 
EFFECTS; THE UTILITY OF FOSTERING EXPERIMENTS 
A paper to be submitted to the journal 
The American Naturalist 
Wendy L. Reed and Carol M. Vleck 
Abstract 
Cross-fostering studies are used to partition variation in offspring traits due to 
pre-natal influences (genetic and developmental) from variation due to post­
natal influences (parental and environmental). Oviparous animals are well 
suited for fostering designs because egg contributions (pre-natal) and parental 
contributions (post-natal) can be easily separated and quantified. In birds, most 
variation in egg size is due to differences in eggs among females. This pattern of 
variation can be manipulated by randomly fostering eggs among nests. We used 
this design to test three hypotheses regarding egg-size effects on survival in the 
American coot {Fulica americana): 1) egg-size effects result from among-female 
differences in egg size, suggesting that offspring quality is related to the average 
egg size a female produces, 2) egg-size effects result from the size hierarchy 
among individuals within foster broods, suggesting that sibling competition and 
survival are related to the relative size of brood-mates, 3) egg-size effects result 
from the size hierarchy among genetic siblings, suggesting that females allocate 
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resources unequally among their eggs. Our data support the third hypothesis. 
Absolute egg size is not as important for survival as relative size and resource 
partitioning among eggs of genetic siblings. 
Introduction 
Ecologists and evolutionary biologist have become increasingly interested 
in understanding the influence that females have on offspring phenotypes, 
independent of direct genetic inheritance (e.g. Bernardo 1996a, Wade 1998, Wolfe 
et al. 1998). This interest arose from the recognition that maternal effects can 
lead to evolution of offspring traits in a direction opposite to that favored by 
selection, and to time-lags in a population's response to selection on those traits 
(Kirkpatrick and Lande 1989, Wolfe et al. 1998). Maternal effects can be detected 
by using cross-fostering experimental designs which capitalize on the degree of 
resemblance among offspring (Falconer and Mackay 1996, Roff 1997, Lynch and 
Walsh 1998). The causes of resemblance among siblings can be partitioned into 
effects due to common pre-natal influences (i.e., genes and developmental 
environments) versus common post-natal influences (i.e., parental care, 
nutritional or rearing environments) by fostering individuals at birth. 
Comparisons of offspring traits between young raised by genetic parents and 
those raised by foster parents indicate the presence and strength of pre- and post­
natal maternal effects (Falconer and Mackay 1996, Roff 1997, Lynch and Walsh 
1998). Fostering designs can also be used to study the effects of specific maternal 
traits on offspring performance. 
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A maternal trait that has been examined for several species is the 
influence of egg size on subsequent offspring growth and survival (plants: Roach 
and Wulff 1987; invertebrates: Azevedo et al. 1997; fish: Hutchings 1991; 
amphibians: Kaplan 1992, Bernardo 1996b; birds, Williams 1994). Egg 
components comprise a large non-genetic investment by females, with larger 
eggs requiring greater resource investments by females than smaller eggs. Based 
on life-history theory, offspring from larger eggs are expected to have survival or 
growth advantages relative to offspring from smaller eggs (Winkler and Wallin 
1987, Steams 1992). Direct manipulation of egg or hatchling size is one way to 
isolate effects of egg size from other maternal traits that are correlated with egg 
size. These phenotypic manipulations have been used in studies of the growth 
and survival consequences of hatchling size for several reptiles (Sinervo 1990, 
Janzen 1993). In species such as birds in which egg size is less easily manipulated 
the functional relationship between egg size and survival can be investigated 
with cross-fostering experiments. Birds are attractive models for understanding 
the role of egg size in determining offspring performance, because of our ability 
to quantify maternal investments in eggs relative to maternal (or paternal) 
investments in young after hatching, and the ease with which cross-fostering 
designs can be executed. 
Variation in egg size can be partitioned into three different sources when 
using a fostering design: 1) across the entire population (absolute egg size), 2) 
within natal nests (relative natal egg size), and 3) within foster nests (relative 
foster egg size) (Fig. 3.1). Although these sources of egg-size variation are not 
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Figure 3.1 Levels of egg-size comparisons that can be made: absolute egg-size 
effects, relative egg-size effects among full siblings in the natal clutch, 
and relative egg-size effects among foster siblings. Absolute size refers 
to the size of an egg relative to all other eggs in the population of eggs 
measured and is generally normally distributed. Females account for 
most variation in egg size and the relative size within a natal nest 
refers to the size of an egg relative to all other eggs laid by a single 
female. Foster clutches are made up of eggs from multiple females 
and the relative size within a foster nest refers to the size of an egg 
relative to the other eggs it will be raised with in its foster family. 
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mutually exclusive (i.e., relative egg size among foster siblings and absolute egg 
size tend to be positively correlated), they are useful in generating predictions 
regarding the nature of egg-size effects (Table 3.1). 
The design used in a fostering study affects the detection and 
interpretation of egg-size effects at each level of egg-size variation. Fostering 
designs can involve exchanging entire clutches of eggs between nests (whole-
clutch switches), exchanging a portion of eggs between nests (partial-clutch 
switches), or random assignment of all eggs among foster nests. Many fostering 
studies of egg-size effects in birds have used a whole-clutch fostering design and 
exchanged clutches of the largest eggs with clutches of the smallest eggs in the 
population (Nisbet 1978, Reid and Boersma 1990, Bolton 1991, Meathrel et al. 
1993, Amundsen 1995, Blomqvist et al. 1997, Reed et al. 1999, Styrsky et al. 1999). 
These switches preserve the natural variation in egg size, brood size, and 
hatching order among brood-mates; and, by using eggs at the extremes of the egg-
size distribution, maximize the likelihood of detecting effects of absolute egg size. 
Alternatively, partial-clutch switches and random assignment of eggs among 
nests allow for manipulation of the natural variation in egg size, brood size, and 
hatching order among brood-mates, and these designs allow for tests of egg-size 
effects within foster and natal clutches. 
Whole-clutch switches are well designed to test for effects of absolute egg 
size, but poorly designed to test for relative egg-size effects within natal or foster 
broods. In most birds, egg-size variation is greater among eggs from different 
females than it is among eggs laid by a single female (see Fig. 3.1, e.g. Amundsen 
Table 3.1 The three levels at which variation in egg-size traits can be detected and the designs best suited to detect 
these effects. Egg-size comparison refers to a specific level of variation in egg size. Effects of egg size at 
each of these three levels lead to different predictions regarding the underlying mechanism 
Egg-Size Comparison Variance Component Mechanism of Effect Foster Design 
Differences in quality of Whole-clutch switches 
Absolute Within Study Population young from different Partial-clutch switches 
females Random assignment 
Size hierarchy of siblings Partial-clutch switches 
Relative-Foster Within Foster Clutches within broods Random assignment 
Relative-Natal Within Natal Clutches 
Unequal allocation of 
resources among eggs by 
females 
Random assignment 
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and Stokland 1990, Blomqvist et al. 1997, this study). A positive effect of absolute 
egg size on offspring performance detected with whole-clutch switches would 
suggest that females laying larger eggs produce higher quality offspring than 
females laying smaller eggs. Several studies using this design have detected a 
positive effect of absolute egg size on growth and survival (Nisbet 1978, Reid and 
Boersma 1990, Bolton 1991, Meathrel et al. 1993, Amundsen 1995, Blomqvist et al. 
1997, Styrsky et al. 1999). These effects may be due to provisioning at the egg 
stage, genetic advantages, or to an interaction between the two. In these species, 
egg size is an appropriate proxy for female quality. 
In addition to testing for absolute egg-size effects, partial-clutch switches of 
eggs between nests allow for interpretation of egg-size effects among foster 
siblings. These egg-size effects can be evaluated independent of hatching order 
because eggs can be fostered in a way that minimizes the hatching interval 
among siblings. In many birds, hatching asynchrony results in differential 
survival of brood-mates, because earlier-hatched young have a competitive 
advantage due to greater age and size relative to later-hatched siblings (reviewed 
in Mock and Parker 1997). Few studies have differentiated egg-size effects from 
effects of hatching asynchrony on chick growth and survival (Stokland and 
Amundsen 1988, Magrath 1992, Sydeman and Emslie 1992). This particular 
fostering design is unlikely to detect effects of relative egg size within natal nests 
due to small clutch sizes and non-independence of genetic siblings. 
A fostering design that randomly assigns eggs among nests such that foster 
siblings are independent of one another, allows for exploration of egg-size effects 
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at all three levels of egg-size variation. An exploration of egg-size effects within 
natal nests requires that clutch sizes and within-clutch egg-size variation be large 
enough to detect differences attributable to egg size. If relative egg-size effects 
within natal clutches are detected, it suggests that females allocate resources 
critical for survival unequally among their eggs, and this results in offspring that 
differ in quality. We conducted such a fostering experiment with eggs of the 
American coot [Fulica americana). This design allowed us to test the relative 
importance of absolute egg size, relative egg size within foster broods, and 
relative egg-size effects within natal nests in determining juvenile survival. 
Methods 
We studied a population of American coots breeding in the prairie-
parkland region south of Minnedosa, Manitoba, Canada (50° 16' N, 99° 50' W) 
during the 1997 breeding season. American coots are locally abundant and 
conspicuous in the wetland bird community. Adults defend territories on 
ponds, which are used throughout the breeding season (May through July) 
during both egg incubation and brood rearing periods. Adult coots build nests 
attached to emergent vegetation and females lay from 5 to 16 eggs per clutch. 
Males and females share incubation duties, and both parents feed and brood 
chicks during the first few weeks after hatching. Incubation starts after the third 
to sixth egg is laid, which results in marked hatching asynchrony within broods. 
Unlike many other water birds, coots maintain the same territory throughout 
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the breeding season. Movement of broods among ponds is rare, which facilitates 
monitoring survival of young. 
We located nests during the egg laying stage or during egg incubation, 
marked eggs at their blunt end with a unique code, and measured length and 
breadth to the nearest 0.1 mm with digital calipers. The masses of 63 eggs, 
weighed within 24 h of laying to the nearest 0.01 g, were plotted against their 
linear dimensions to obtain the following relationship: 
Fresh egg mass = 5.36 x lO"* (Length x Breadth") + 0.464 (3.1) 
{r^ = 0.97). We used this equation to predict fresh egg mass for other eggs from 
their linear dimensions (Hoyt 1979). We use these predicted fresh-egg masses in 
all further analyses of egg size. Egg mass and egg size are used here 
interchangeably. Once a clutch of eggs was complete we did not revisit nests 
until the eggs were expected to pip externally (23 d after the third egg was laid). 
We transported pipped eggs into the laboratory in warmed containers and 
placed them in an incubator (G. Q. F. Manufacturing. Co., model 1202) set at 37 °C 
to complete hatching, a process which took between 8-24 h. This allowed us to 
identify which chick hatched from which egg. Once chicks hatched and were dry, 
we weighed them to the nearest 0.01 g on a digital balance, and marked each 
chick with a uniquely colored nape tag (Gullion 1951). Chicks were randomly 
assigned to foster families such that each foster family received 9 chicks, all 
hatched within 36 h of one another. This design minimized variation in 
juvenile survival due to differences in brood size and in age of chicks within a 
brood. We fostered 558 chicks into 62 foster nests. Adults readily accepted foster 
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chicks. For each chick we knew the nest in which it was produced, the nest into 
which it was fostered, and the size of egg from which it hatched. This 
information allowed us to test for egg-size effects at all three levels of egg-size 
variation. During the first two to four weeks after hatching we observed foster 
broods between 4 and 9 times. We identified individual chicks from the nape tag 
color sequence using a spotting scope from a blind. The length of each 
observation period ranged from 25 to 60 min., depending on how quickly the 
broods were located and all individuals identified. 
During the 1998 season we determined the effect of laying order on egg 
size in 19 complete clutches by visiting nests daily and measuring egg size as 
described above. Because of the large variation in egg size among clutches we 
calculated the deviation of each egg from the mean egg size of its clutch and 
plotted these deviations against laying order (Fig. 2). Clutch sizes ranged from 5 
to 10 eggs, with 9-egg clutches being the most common. 
Analyses 
To evaluate the survival consequences of absolute egg size, relative egg 
size among foster siblings, and relative egg size among full siblings we calculated 
three z-scores for each individual (z = the deviation of each egg's mass from the 
mean egg mass for a particular reference group divided by that group's standard 
deviation). Z-scores standardize measurements of relative egg size such that each 
level has a mean of 0 and a standard deviation of 1. We used these three z-scores 
as independent variables in a multiple linear regression. The dependent 
variable was an index of survival calculated as the midpoint between age at 
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which the chick was last resighted and the age at the next observation period 
after final resighting. 
We observed chicks in foster broods at unequal intervals and we 
terminated these observations at different ages after release (range from 14 d to 36 
d). However, all broods were observed for a minimum of two weeks, and we 
restrict our analysis of survival to these first two weeks (14 d) after release. Thus, 
age 14 d birds also include individuals that were resighted at ages older than 14 d. 
Many birds were never resighted after release. If an entire brood was never 
resighted after release (n=l) we excluded the data from the analysis. Brood-mates 
are not independent of one another with respect to survival (i.e., predation 
events tend to take entire broods), however, due to the random assignment of 
individuals to foster families, brood-mates are independent of one another with 
respect to egg size. Thus, we treat brood-mates as independent and use 
individuals as the experimental unit for all analyses of egg-size effects. 
Results 
Egg masses in this population were normally distributed and ranged from 
20 to 35 g. There was an effect of laying order on egg size; the first and last laid 
eggs were smaller than those laid in the middle of the clutch (Fig. 3.2). Most of 
the variation in egg size (75%) was due to differences among females in the size 
of eggs they produced (ANOVA with female as the explanatory variable = 
22.03, P = <.0001), indicating that some females lay large eggs and others tend to 
lay small eggs (see Fig. 3.1). After the fostering protocol, variation in egg size 
81 
f 
t 
Laying Sequence 
Figure 3.2 Variation ii\ egg size relative to laying order within 19 natal clutches 
of American coots. Size for each egg is expressed as the deviation of its 
mass from the mean egg mass of its clutch. Data are mean deviations 
± standard error. Numbers above SE bars are the number of eggs of 
laying order class. 
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among foster nests was not different from that within foster nests (ANOVA with 
foster nest as the explanatory variable F^i 547 = 1.31, P = 0.24). Thus, the random 
assignment of chicks into foster nests resulted in all foster broods starting with 
the same number of same-aged chicks, and containing clutches with a similar 
mean egg mass and variation about the mean. 
About 25% of the hatchlings placed in foster nests were never resighted. 
Half of the mortality in the first 14 d occurred within the first 4 d after hatching 
(Fig. 3.3). Overall, we were able to detect a significant relationship between our 
index of survival and the three levels of egg-size variation (F^ 5^5 = 3.79, P = 0.01), 
although little of the variation in survival was explained by this model (r* = 
0.02). Neither absolute egg size, nor relative egg size among foster siblings 
contributed significantly to the model fit (F, 5^2 = 0.36 , P = 0.55, Fj 54, = 0.69, P = 
0.41). Relative egg size among full siblings, however, was positively related to 
the survival index (F, 5^3 = 9.19 , P = 0.003). 
It can be difficult to visualize multiple effects in a multiple linear 
regression, so to illustrate effects of the three measures of egg size, we plotted the 
proportion of individuals surviving to age 14 d in each of 17 egg-size classes 
(each class = 0.25) for each of the three z-scores (Fig. 3.4). Z-scores are normally 
distributed, so the size classes at the extremes contain fewer individuals than size 
classes near the mean. Therefore, we weighted each proportion surviving in 
each size class by the number of individuals in that size class, and then used 
linear regression to describe the data. The egg-size classes at the extremes, which 
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Figure 3.3 Fractional survival of individuals as a function of chick age up to 14 d 
after hatching. Survival age is calculated as the midpoint between age 
at last resighting and the age at the next observation period after last 
resighting. 
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Figure 3.4 Survival of coot chicks as a function of the three levels of egg-size 
variation: a) absolute egg mass, b) relative egg mass within foster nests, 
and c) relative egg mass within natal nests. Egg mass measurements 
are z-scores. Survival is measured as the proportion of individuals in 
each of 17 size classes that survived to age 14 d. Each fit is a least 
squares line that is weighted by the number of individuals in each size 
class. 
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contained fewer individuals, therefore, had less influence on the slope of the 
line than those egg-size classes in the middle. 
Discussion 
Our fostering experiment provided a standardized competitive 
environment in which confounding factors, such as clutch size and hatching 
asynchrony, were controlled. Thus, differences in survival can be interpreted in 
terms of egg size. Chicks at hatch were randomly assigned to foster families, 
therefore, any genetic, or other pre-hatching inputs, were randomly distributed 
across the study population. Our analysis indicated a survival effect of relative 
egg size among eggs produced by a single female. Chicks that hatched from a 
female's largest eggs tended to survive better than chicks that hatched from her 
smallest eggs even though her young were fostered into multiple nests. The size 
of an egg relative to its genetic siblings was a better predictor of survival than 
either absolute egg size or relative egg size among foster siblings (Fig. 3.4). 
This effect suggests that females enhance the performance of their young 
after hatching via investments made to eggs, and that they allocate these 
investments unequally among offspring. In general, larger coot eggs contain 
more energy and protein resources in the form of yolk and albumen solids than 
do smaller eggs (Alisauskas 1986, Arnold et al. 1991). We do not know whether 
females are able to allocate resources actively among eggs or if allocation is a 
byproduct of a female's reproductive physiology. Regardless of the mechanism. 
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if resources have survival consequences, selection should act on the pattern of 
their allocation such that female fitness is optimized. 
It is unclear which resources in eggs are responsible for the relative 
survival value of large egg size within natal clutches. It is reasonable that 
differential yolk and albumen contents should have survival consequences. In 
general, these egg components are strongly and positively associated with 
absolute egg size (Alisauskas 1986, Arnold et al. 1991, Chapter 2). However, if the 
absolute amount of yolk or albumen were responsible for the survival effects we 
detected, we should have detected an effect of absolute egg size on survival as 
well as an effect of relative egg size within foster broods. The absence of an effect 
of either absolute or relative egg size within foster clutches suggests that the 
absolute amounts of egg components are not as important as the relative levels 
of these resources among eggs produced by a single female. 
There may be one or multiple egg components that could affect chick 
survival and be distributed unequally among eggs. These could include 
maternally derived androgens in the egg yolk which have been shown to 
enhance begging and competitive abilities of young (Schwabl 1993, Schwabl et al. 
1997). Other hormones, antibodies, vitamin or mineral supplements or even 
specific amino acids or fatty acids (Nolan 1991) could influence post-hatching 
growth and survival. The effects of these egg components on offspring 
performance could be sjmergistic or additive. 
In American coots, hatching asynchrony among brood-mates may be the 
selection agent that has favored females who allocate resources unequally among 
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eggs. Coot chicks naturally exhibit extreme hatching asynchrony within broods. 
Coot eggs are produced one per day, and incubation begins with the appearance 
of the third to sixth egg. Clutch size averages 9 eggs, with some clutches in the 
study population containing as many as 16 eggs. Chicks hatch in the order the 
eggs are produced and incubated, which means that chicks from the last-laid egg 
often hatch as many as 8-10 d after the first-hatched chicks. These smaller and 
younger chicks are at a serious size and developmental disadvantage relative to 
their earlier-hatched siblings. Brood reduction is common in coots and the 
youngest chicks in a brood suffer higher mortality than earlier-hatched chicks 
(Arnold 1990). If resources for eggs are limited, the optimal strategy for females is 
to direct resources away from late-hatching, marginal offspring and towards 
offspring that hatch earlier in the brood. 
The pattern of egg-size variation within clutches (Fig. 3.2) corroborates our 
hatching asynchrony hypothesis. The first and last-laid eggs in a clutch are 
smaller than the eggs in the middle of the laying sequence. These large, middle-
laid eggs are produced coincident with the onset of incubation. Thus, chicks 
from the largest eggs tend to hatch first and have both an age and size advantage 
over their younger siblings, which tend to hatch from smaller eggs. The 
significance of the diminutive first egg in a clutch is unclear (Fig. 3.2). The small 
size of the first egg may be a by-product of a female's egg-production and egg-
laying physiology. These physiological processes may need "priming", resulting 
in a small first egg, whose size has no adaptive significance. Alternatively, 
species that are sensitive to disturbances or susceptible to nest predation early in 
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the lay sequence, may optimize their allocation strategy by investing less in the 
first egg. 
In some species last-laid eggs receive more resources than earlier-laid eggs, 
and this tends to mitigate the disadvantages of hatching last (Lipar et al. 1999). In 
these species, egg size increases with laying order and, for several species, other 
resources like androgen levels in eggs also increase with laying order (Schwabl 
1993, Lipar et al. 1999). In the American coot, however, the pattern of egg size 
with laying order exacerbates the effects of hatching asynchrony. Our cross-
fostering results suggest that even in the absence of hatching asynchrony these 
large first-hatched young experience higher survival than smaller, later-hatched 
young. 
Both clutch size and the degree of hatching asynchrony are likely to 
influence a female's allocation strategy. In species with relatively small clutches 
and little asynchrony, females may invest more heavily in later-laid eggs than 
early-laid eggs to mitigate the effects of their hatching position When there is an 
overproduction of young, as suggested by large clutch sizes, parental fitness may 
be maximized by investing more heavily in early-laid eggs than in late-laid eggs, 
thereby increasing variation in the competitive ability among young (Bonabeau 
et al. 1998). 
Although there is a positive survival effect of relative egg size within 
natal nests, very little of the variation in survival (2%) was explained by the 
multiple linear regression model. This suggests that egg size at any level is 
unlikely to be the main contributor to survival of coot young. Mortality during 
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the first 14 d after hatching was relatively high; approximately 40% of the chicks 
initially fostered were never resighted (Fig. 3.3). These data suggest that in the 
year we measured survival, factors other than egg size (e.g. weather, predation, 
or food availability) were more important in determining survival of coot chicks 
than any measure of egg size alone. The large sample size in the fostering 
experiment allowed us to detect the small effects of relative egg size within natal 
nests, and the evolutionary implications of even small effects can be very large 
(Charlesworth et al. 1982, Williams 1992). 
An evaluation of the fitness consequences of maternal traits requires a 
careful consideration of the variance structure of these traits among and within 
females. In general, we expect that developmental environments created by 
females will show greater variation among females than within a single female. 
As we have shown here, fostering designs can be used to manipulate the pattern 
of trait variation among and within females, which allows for a mechanistic 
interpretation of effects of maternal traits on offspring performance. Central to 
understanding life-history evolution is an understanding of the consequences of 
variation in maternal investments and the mechanisms involved in 
maintaining and producing this variation. In this study we have shown how 
fostering experiments can be designed to allow detection and evaluation of the 
consequences of variation in maternal investments to offspring performance. 
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CHAPTER 4. FUNCTIONAL SIGNIFICANCE OF VARIATION IN 
EGG-YOLK ANDROGENS IN THE AMERICAN COOT 
A paper submitted to the journal Oecologia 
Wendy L. Reed and Carol M. Vleck 
Abstract 
Maternally-derived hormones in cleidoic eggs have been implicated in 
mediating growth, behavior and social interactions among offspring. Given 
these widespread and significant effects, hormonal investments have the 
potential to greatly influence fitness of offspring. Intraspecific variation can exist 
at three levels (within individual eggs, among eggs within clutches, and among 
eggs from different females), each of which has different implications for 
offspring. We characterized all three levels of variation in maternally-derived 
androgens (testosterone and androstenedione) present in yolks of American coot 
eggs. We found little variation in testosterone levels within individual eggs 
which suggests that embryos are exposed to relatively constant androgen levels 
during development, and that field-based yolk biopsies are an appropriate way to 
sample eggs for this species. Within clutches, early-laid eggs had higher 
androgen levels than later-laid eggs, and this pattern may exacerbate negative 
effects of hatching asynchrony on chicks from later-hatching eggs. American 
coots lay large clutches and unequal resource allocation among offspring may be 
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the optimal strategy for females with access to limited resources. Most of the 
variation in androgen levels occurred among eggs from different females. Part 
of this variation reflects the number of conspecifics nesting on the pond, which 
suggests that increased territory defense behaviors influence the levels of 
androgens allocated to eggs. 
Introduction 
Females can greatly influence the quality and performance of their 
offspring through non-genetic contributions to young during development. The 
ubiquity of developmental maternal effects and their pervasive influence on 
offspring performance after development is becoming more widely recognized 
(e.g. Lombardi 1996; Collazo 1996; Clark and Galef 1998). Maternal effects can 
have complex consequences for the evolution of both offspring and maternal 
traits (e.g. Wolf et al. 1998). In part, these complexities arise because maternal 
investments produce traits shared by both females and offspring. Because these 
traits are shared, the consequences of maternal effects can cascade to the next 
generation and influence offspring performance well after the interval of 
dependence on parents. 
Studies from a wide variety of oviparous vertebrates indicate that eggs 
contain significant and measurable amounts of maternally-derived hormonal 
resources (fish: Schreck et al. 1991; McCormick 1998,1999; reptiles: Stamps 1994; 
Conley et al. 1997; Janzen et al. 1998; birds: Schwabl 1993; Adkins-Regan et al. 
1995; McNabb and Wilson 1997; Schwabl et al. 1997; Lipar et al. 1999a,b; Eising et 
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al. 2000). In the context of the evolution of maternal effects, transmission of 
hormones between mother and offspring are particularly interesting because 
hormones can have multiple effects on a wide variety of morphological, 
physiological and behavioral traits (Ketterson and Nolan 1999). 
Androstenedione and testosterone are lipophilic androgens that are found in egg 
yolks and have been the focus of several studies of maternally-derived 
hormones in eggs. 
A complete understanding of the adaptive significance of yolk androgens 
as a maternal effect requires determining how patterns of variation in yolk 
androgen levels affect offspring performance, as well as identifying the 
proximate and ultimate causes that generate and maintain these patterns. 
Existing evidence indicates that androgen levels in canary eggs {Serimis canaria) 
have positive post-hatching effects on offspring begging behaviors, growth, and 
social dominance among siblings (Schwabl 1993, 1996). These offspring qualities 
may be most important in mediating competitive interactions among siblings, 
and thus the patterns of variation in yolk androgens within clutches can have 
serious consequences for offspring survival and brood reduction strategies. 
However, distinct patterns of variation in yolk androgens also exist both within 
individual eggs and among different females (Lipar et al. 1999a, b), and the 
potential adaptive significance of these patterns is not so clear. 
American coots (Fulica americana) are ubiquitous and conspicuous 
waterbirds that nest on wetlands throughout central and northern North 
America. Pairs of coots are socially monogamous and establish all-purpose 
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breeding territories that are vigorously defended against conspecifics on the same 
pond (Gullion 1953). Females lay one egg per day and can lay up to 16 eggs per 
breeding attempt (pers. obs.). Both males and females incubate eggs and start 
incubating prior to clutch completion, which results in hatching asynchrony and 
large age differences among siblings (Alisauskas and Arnold 1994). Here, we 
characterize patterns of variation in yolk androgens within eggs, among eggs 
within clutches, and among eggs from different females in a free-living 
population of American coots. We discuss the potential consequence of these 
patterns of variation on offspring and female performance and explore the role 
of endogenous and exogenous factors generating the observed patterns. We 
propose that social interactions among coot pairs during territory establishment 
and defense are a proximate cause responsible for the patterns of variation in 
yolk androgens among females, and that existing patterns of variation in yolk 
androgens within clutches contribute to brood reduction along with the effects of 
hatching asynchrony. 
Methods 
Variation in hormone resources in eggs can exist at multiple levels; 
among species, among individual females within species, among eggs within a 
clutch, and within individual eggs. We characterized three levels of variation in 
egg yolk androgens from a population of American coots breeding in the prairie-
parkland region south of Minnedosa, Manitoba, Canada (50° 16' N, 99° 50' W) 
during the 1998 breeding season (May through June). 
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For analysis of variation within and among clutches we collected yolk 
samples from all eggs of 24 clutches (219 eggs). All nests present on a pond were 
located and marked. Nests from which yolk samples were taken were visited 
daily, and yolk samples from all eggs were collected within 24 hours of eggs being 
laid. For each nest, we knew how many other pairs of coots (0,1 or 2 other pairs) 
were also nesting on that pond. We collected yolk samples by first cleaning the 
eggshell surface with an alcohol swab (70% ethanol), inserting a 23 gauge needle 
through the egg-shell at the middle of the long axis of the egg, and drawing a 
small sample (approximately 60 mg) of yolk with a 3 cc disposable syringe. We 
sealed the insertion hole with Krazy Glue* Gel (The Borden Company, Ltd., 
Brampton, Ontario), measured the greatest width and length of the egg to the 
nearest 0.1 mm with digital calipers and returned the eggs to their nest. Upon 
return to the lab, we transferred yolk samples into 1.5 ml Eppendorf tubes and 
froze them at -20 °C until extraction. Testosterone was measured in all yolk 
samples from all 24 clutches, and androstenedione was measured in yolk 
samples in all eggs from 18 of these clutches. 
For analysis of within-egg variation in testosterone concentrations, we 
sampled 7 unincubated eggs that were collected from a population of American 
coots breeding in north-east South Dakota (45° 25' N, 97° 22' W) in 1996 and 
frozen whole (-20 °C) until analysis in 1998. We assayed three yolk samples from 
each egg, one at each of three layers (interior, intermediate and exterior) 
according to the methods of Lipar et al. (1999b). 
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When trying to detect patterns of hormone concentrations among or 
within yolks, variation in concentrations due to water content of yolks should be 
eliminated. The water content of fresh coot yolks range between 47% and 55% 
(mean water content is 49%), which can result in as much as a 19% error in 
measured levels assayed from wet yolks. We dried yolk samples before analysis 
to minimize effects of variation in water content. We dried the yolk samples to a 
constant mass through a combination of vacuum drying and exposure to air in a 
frost-free freezer. Once samples were dry, we weighed a sub-sample 
(approximately 30 mg) to the nearest 0.01 mg, added 400 ul of distilled water and 
three glass beads to the sample and agitated them repeatedly to resuspend the 
yolk. We added 2000 cpm [^H]testosterone to ail samples 12 hours prior to 
extraction to allow for calculation of recoveries following extraction and 
chromatography procedures. 
The samples were extracted twice with 4 ml petroleum and diethyl ether 
(30%:70%), snap froze and dried under N^. Following extraction, we added 1 ml 
90% ethanol to precipitate lipids, then centrifuged and evaporated the ethanol 
supernatant under Nj (Schwabl, 1993). We resuspended the extracts in 0.5 ml 
10% ethyl acetate in 2-2-4 trimethyi pentane (iso-octane). These samples were 
run through chromatography columns that consisted of a celite:ethylene 
glycol:propylene glycol (6 g:1.5 ml:1.5 ml) upper phase and a celite:water (3 g:2 ml) 
lower phase. We ran 4 successive organic fractions of 4 ml through each 
column: 100% iso-octane fraction, and 2%, 10% and 20% fractions of ethyl acetate 
in iso-octane. Androstenedione was collected from the phase eluted with 2% 
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ethyl acetate in iso-octane, and testosterone was collected from the phase eluted 
with 20% ethyl acetate in iso-octane. A sub-sample of the testosterone fraction 
was counted to calculate the recovery of radiolabeled testosterone. After 
separation, hormone levels were measured by competitive binding 
radioimmunoassay using kits with iodinated hormone and specific antibodies 
for both testosterone and androstenedione (Diagnostic Systems Laboratories, Inc. 
Webster, Texas). Samples were run in duplicate and compared to a standard 
curve that ranged in concentration from 0.05 to 25 ng/ml for testosterone and 
0.01 to 10 mg/ml for the androstenedione assay (Fig. 4.1). Yolk samples that were 
serially diluted with distilled water yielded a displacement curve that was 
parallel to the serial dilution of the testosterone standard (Fig. 4.1). Recoveries 
for testosterone ranged from 22% to 91% and averaged 65% (SE = 0.8%). 
Androstenedione recovery was not measured directly; we assumed that 
androstenedione was recovered from the samples proportional to the recovery of 
testosterone. Samples with recoveries less than 25% (n=3) were excluded from 
further analyses. All concentrations were corrected for the recovery values. The 
intra-assay coefficient of variation, based on duplicate samples, averaged 10% for 
testosterone and 13% androstenedione. The inter-assay variation among the 
three testosterone assays and two androstenedione assays was calculated as the 
coefficient of variation among samples of a coot yolk pool that was run in all 
assays and was 13% for testosterone and 21% for androstenedione. All samples 
measuring within-egg variation in testosterone levels were run in the same 
assay. 
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Figure 4.1 Representative standard curve from a yolk testosterone 
radioimmunoassay. This graph shows the relationship between 
percentage binding of radiolabeled testosterone to testosterone 
antiserum and the concentration of testosterone (ng/ml). Also shown 
is the mean displacement curve of serially diluted yolk samples from 
two coot eggs. 
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Statistics 
We used multiple linear regression to independently test for variation in 
hormone concentration at three levels; within eggs, among eggs within clutches, 
and among clutches from different females. Mean hormone levels for females 
varied considerably; thus we standardized egg hormone levels by using the 
absolute deviation of each egg's hormone level from the mean hormone level 
for its clutch. This standardization sets the mean hormone level (in ng/mg dry 
yolk) for each female equal to zero. We used these deviations to test for 
differences in the mean hormone levels among eggs at different positions in the 
laying sequence. We tested for differences among females and for the number of 
coot pairs nesting per pond on yolk androgen levels using a multiple linear 
regression with nested effects, with the number of pairs, and females nested 
within the number of pairs as main effects. We used Tukey-Kramer HSD as an a 
posteriori test of differences in mean androgen levels among the number of pairs 
per pond. Data were analyzed with JMP (SAS institute, 1993) Means are 
expressed ± SE. 
Results 
Testosterone levels in egg yolks ranged from 0.2 to 6.1 ng/mg dry yolk 
(mean: 1.5 ± 0.1) and androstenedione concentrations ranged from 19 to 2775 
ng/mg dry yolk (mean: 514 ± 33). Androstenedione levels were positively 
correlated with testosterone levels (r = 0.84, Fj jj3 = 403, P < 0.0001), although 
androstenedione concentrations were nearly 100 fold greater than testosterone 
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concentrations in the same eggs (Fig. 4.2). Testosterone levels within eggs 
averaged 1.7 ± 0.3 ng/mg dry yolk in the interior layer, 1.8 ± 0.3 ng/mg dry yolk in 
the intermediate layer and 1.7 ± 0.3 ng/mg dry yolk in the exterior layer. 
Testosterone levels did not differ among sampling positions within the yolk 
(f;= 0.75, P = 0.49, Fig. 4.3), but did vary considerably among individual eggs 
(^6,12 = 59, P = < 0.0001). 
Within clutches, testosterone levels varied with laying sequence (F,o209 = 
3.55, P = 0.0002). Clutch sizes ranged from 5 to 15 eggs, but only three clutches 
had more than 11 eggs, so we excluded eggs from lay positions greater than 11 
from the analysis. Eggs laid late in the series had lower testosterone levels than 
eggs laid earlier in the series (Fig. 4.4). Likewise, androstenedione concentrations 
varied with laying sequence (f ,0.159 = 2.90, P = 0.0024) and showed a similar 
pattern to that of testosterone (Fig 4.4). 
Most of the variation in yolk steroid levels is due to differences among 
clutches produced by different females (Fig. 4.5). There is a statistically significant 
effect of females, and the number of pairs nesting on the pond from which the 
clutch was sampled, on both testosterone and androstenedione levels 
(Testosterone: female effect F2uo9= 9.26, P = < 0.0001, pairs/pond effect F2^(k= 33, P 
= < 0.0001, Androstenedione: female effect Fi5.i59= 7.04, P = < 0.0001, pairs/pond 
effect F2159= 64, P = < 0.0001). Testosterone and androstenedione levels in egg 
yolks are significantly higher for females on ponds with 3 nesting pairs relative 
to ponds with orUy 1 or 2 nesting pairs (Tukey-Kramer HSD q = 2.36 P < 0.05, 
Fig. 4.6). 
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Figure 4.2 Correlation between androstenedione and testosterone levels (ng/mg 
dry yolk) in American coot eggs. Linear equation describing the line: 
Androstenedione = -49.60 + 358.63 * Testosterone (r = 0.84). 
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Interior Intermediate 
Yolk Layer 
Exterior 
Figure 4.3 Testosterone concentrations in three layers of yolks from 7 American 
coot eggs. No patterns of variation exists among layers within eggs, 
but significant variation exists among the different eggs. 
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function of laying order. For comparative purposes data are presented 
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which eggs were laid. Numbers above error bars indicate the number 
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Figure 4.5 Variation in testosterone and androstenedione levels in egg yolks 
produced by each female. Numbers were assigned to females by 
ranking them according to mean testosterone levels in their eggs. 
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Figure 4.6 Mean testosterone (a) and androstenedione (b) levels in egg yolks from 
ponds with either one, two or three nesting pairs. Data are presented 
as means and standard errors. 
Ill 
Discussion 
We found little variation in testosterone levels within individual 
American coot eggs, but there were distinct patterns of variation in androgen 
levels among eggs within clutches. Most of the variation was among eggs from 
different females, and this was partly accounted for by the number of pairs 
nesting on the pond. 
Within-egg variation 
One criticism of yolk biopsies from eggs is that systematic patterns of 
variation within yolks may mask or bias patterns of variation among eggs if 
biopsies are not consistently taken from the same yolk layer in all eggs. 
Variation in hormone levels within individual eggs could exist as a by-product 
of variation in ovarian steroidogenesis during yolk deposition. Lipar et al. 
(1999b) found that external layers of yolks for both red-winged blackbirds 
{Agelaius phoeniceus) and dark-eyed juncos (Junco hyemalis) contain lower yolk 
testosterone levels than the intermediate or interior yolk layers. This pattern is 
consistent with changes in follicular levels of testosterone during yolk 
deposition measured in the domestic fowl {Gallus gallus domesticus , Bahr et al. 
1983). Whatever the cause of these gradients, variation at this level could 
influence the timing of exposure to androgens during embryo development if 
yolk is used by the embryo according to the layers. Coot eggs show no such 
gradient. If yolk hormone levels reflect follicular steroidogenesis prior to 
ovulation, our data suggest that follicular androgen production is constant 
during yolk deposition in coots or that steroids diffuse uniformly throughout the 
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yolk within a short amount of time. Systematic variation in androgen levels 
within eggs appears to be species dependent, and for coot eggs, yolk biopsies in 
the field provide an appropriate way to sample maternal hormone deposition. 
Within-clutch variation 
Within clutches, coot egg yolks vary in testosterone and androstenedione 
levels such that the last-laid eggs have lower concentrations than eggs laid earlier 
in the clutch. Testosterone levels increase with laying sequence in canaries 
(Schwabl, 1993), dark-eyed juncos, and red-winged blackbirds (Lipar et al. 1999a, 
b), whereas in cattle egrets {Bubulcus ibis) the last-laid egg of a three egg clutch 
has the lowest yolk-testosterone level (Schwabl et al. 1997). These patterns of 
variation in yolk androgen levels have been implicated in mediating sibling 
interactions after hatching. Schwabl (1993) found that sibling canaries from eggs 
with high levels of testosterone had a higher social dominance rank than 
siblings from eggs with lower testosterone. Schwabl (1993) and Lipar et al. (1999a) 
further suggested that, through these behavioral effects, the higher testosterone 
levels of later-laid eggs mitigate effects of size hierarchies established via 
hatching asynchrony. In cattle egrets, the effect of hatching asynchrony on 
sibling interactions appears to be exaggerated by androgen levels in the yolk, 
because the first-laid (and first-hatched) young come from eggs with higher 
levels of yolk testosterone than young from the last-laid egg (Schwabl et al. 1997). 
Sibling aggression is high in cattle egrets and often results in siblicide, with the 
last-hatched young usually suffering mortality (Ploger and Mock, 1986). 
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The pattern of intraclutch variation in coots appears to exaggerate effects of 
hatching asynchrony as in cattle egret clutches. Clutch sizes in coots range from 5 
to 15 eggs, and females begin incubation after the third to sixth egg is laid 
(Alisauskas and Arnold 1994). The first 3-6 eggs usually hatch nearly 
synchronously, and the remainder hatch at the rate of one egg per day thereafter. 
In some clutches, there can be as much as an 8-10 day age difference between the 
first and last chicks to hatch. Our results indicate that the first chicks to hatch 
come from eggs with higher levels of testosterone and androstenedione than 
their later-hatching siblings, and this effect could exacerbate any effects of 
hatching asynchrony on survival of later-hatching young. 
Coot eggs vary in size with laying sequence in a similar pattern to 
testosterone and androstenedione levels (Arnold 1991, Chapter 3). The first-laid 
egg is small, second, third and fourth eggs are largest and then egg size decreases 
with laying sequence thereafter, and on average there is a 2 g (~ 7% of egg mass) 
difference between the largest egg and the smallest egg in a clutch. The difference 
in androgen levels among eggs within clutches averages 1.1 ng/mg dry yolk for 
testosterone and 550 ng/mg dry yolk for artdrostenedione (Fig. 4.4). The relative 
differences in size among eggs within clutches is associated with differences in 
survival of young, independent of effects of hatching asynchrony. We used a 
fostering design (controlling for clutch size, post-hatching parental care and 
hatching asynchrony) to determine that yovmg hatching from the largest eggs in 
a clutch have higher survival than chicks from the smallest eggs in a clutch and 
that this survival difference is due to maternally derived resources present in the 
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egg (Chapter 3). Because testosterone and androstenedione levels show a similar 
pattern with laying sequence as does egg size, both relatively high levels of 
androgens and relatively large egg sizes may er\hance survival advantages of 
young from the earliest eggs laid in a clutch. Concordance of these patterns 
suggests that absolutely more resources, such as yolk, albumen and hormones 
are available to earlier-hatching offspring and fewer of these resources are 
available to later-hatching offspring. In coots, where clutch sizes are large and 
hatching asynchrony is high, unequal allocation of resources among offspring 
may be the optimal solution for females distributing a limited number of 
resources among many offspring. 
Among-clutch variation 
Most of the variation in yolk androgen levels in American coots is due to 
variation among eggs from different females. This variation may be sensitive to 
environmental stimuli if these stimuli affect circulating levels of hormones in 
the laying females and thus hormone deposition in eggs. This could provide a 
mechanism for a female to transmit information about current environmental 
conditions to her offspring and subsequently influence their behavior, 
morphology or physiology (e.g. Shine and Downes 1999). 
There are several examples in which variation in females' environments 
prior to egg production are reflected in offspring traits. In a free-living 
population of tropical damselfish {Pomacentrus amboinensis), Cortisol, a 
maternal stress hormone, is influenced by the level of con- and contraspecifc 
interactions. Increased social interactions results in high levels of maternal and 
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egg Cortisol levels and decreased larval size at hatching (McCormick 1998). In 
this case, maternally-derived hormone resources in eggs have a negative effect 
on offspring performance. In a population of black-headed gulls {Lams 
ridibundus), females nesting in high visibility sites, in which the number of 
social interactions among conspecifics is high (Bukacinska and Bukacinski 1993), 
lay eggs with higher androgen yolk levels than eggs laid by females nesting in 
lower visibility sites (Eising et al. 2000). Black-headed gull chicks exhibit 
testosterone mediated aggression while defending territories against conspecifics 
(Groothuis and Meeuwissen 1992) and elevated levels of androgens in eggs may 
be advantageous for the chicks hatching in these environments (Eising et al. 
2000). Female zebra finch {Taeniopygia guttata) respond to preferred 
morphological characters of their male partners by increasing androgen levels in 
eggs fathered by these males (Gil et al. 1999). In each case, allocation of hormones 
to eggs is a phenotypic trait that exhibits plasticity and is sensitive to social 
context and cues experienced by the mother. 
In American coots, inter-individual variation in yolk androgens also 
appears to be sensitive to level of conspecific interactions. Females nesting on 
ponds with two other coot pairs lay eggs with higher androgen levels than 
females nesting either singly, or nesting on a pond with only one other pair. 
Male and female coots vigorously defend their breeding territories from 
conspecifics but rarely leave their pond during the nesting season to interact with 
other birds (Gullion 1953). The greater the number of pairs nesting on a pond, 
the more likely that adults will engage in aggressive encounters during territory 
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defense (pars, obs.) The effect of such aggressive encounters on circulating levels 
of androgens is well documented in male birds (e. g., Wingfield et al. 1987, 
Wingfield et al. 1994) and to a lesser extent in females (Groothuis and 
Meeuwissen 1992; Sandell and Smith 1997; Staub and De Beer 1997). Our data 
support the hypothesis that territory defense behaviors of adult females, prior to 
egg laying, elevate androgen levels and consequently affect the levels of 
androgens deposited in eggs. 
Inter-individual variation in androgen levels may also reflect genetic 
differences in androgen production among females. In a system where females 
exhibit natal philopatry, related females (sisters, or mothers and daughters) 
would tend to nest on the same pond. In addition, if there is a genetic 
contribution to the variation in androgen production among females (e.g. 
Maxon et al. 1983, Kunzl and Sachser 1999) there would be a tendency for yolk 
androgen levels within a pond to be more similar than yolk androgen levels 
among ponds. The spatial association of relatives could contribute to the 
observed patterns of inter-individual variation. Information about the relative 
contribution of environment and genes to existing inter-individual variation is 
needed to understand the evolutionary and functional significance of this 
variation. 
Interpretation of variation in yolk androgens 
Androgens in avian egg yolks have been assumed to provide a selective 
advantage for offspring growth and survival (Winkler 1993; Schwabl 1993, 1996; 
Schwabl et al. 1997; Gil et al. 1999; Lipar et al. 1999). The empirical evidence for 
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this effect, however, is limited to two studies: a correlational study between yolk 
androgens and social dominance later in life (Schwabl 1993) and a manipulative 
experiment in which an increase in growth and begging was observed in chicks 
from testosterone-treated eggs (Schwabl 1996). Increased begging behavior, 
growth and social dominance in young are all characters that have utility in 
mediating sibling interactions. Thus, we might expect to find that the patterns of 
variation in yolk androgens affect survival within clutches. However, the 
greatest differences in yolk androgens are among females (Lipar 1999a, and this 
study) and the adaptive significance of among-female variation in yolk androgen 
levels is not clear. If there is a positive effect of absolute levels of yolk androgens 
on offspring performance, we would expect to see a concordance between among-
female variation in yolk androgens and offspring performance among clutches. 
Currently we have no evidence to suggest that this is the case. The fact that yolk 
androgen levels vary so greatly among females, along with the possible beneficial 
effects of yolk androgens on offspring, begs the question: why don't all females 
enhance their offspring's performance by investing more androgens in their 
eggs? 
As with many other traits, there are likely trade-offs that constrain the 
evolution of ever-increasing yolk androgens (e.g. Steams 1992). Hormones have 
widespread and multiple effects on phenotypes, and can simultaneously affect an 
animal's behavior, growth, morphology and development. Thus, any two traits, 
or suite of traits, that are affected by a single hormone are mechanistically linked 
in a similar sense as pleiotropic effects of genes that link traits (Ketterson and 
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Nolan 1999). Maternal effects are additionally complex because the traits are 
shared between the female and her offspring. Trade-offs may occur between 
offspring, benefiting from high yolk androgens, and females, suffering from high 
levels of circulating androgens necessary for the deposition of those androgens. 
Negative effects of high androgen levels could include decreased parenting or 
incubation behaviors (Silverin 1980; Hegner and Wingfield 1987; Oring et al. 
1989; Ketterson et al. 1992; Vleck and Dobrott 1993; Saino and Moller 1995), 
decreased immune function (Folstad and Karter 1992; Saino et al. 1995; Hillgarth 
et al. 1996; Salvador et al. 1996; Zuk 1996), or suppression of follicular 
development (Hillier and Ross 1979). Understanding the adaptive significance of 
patterns of variation in yolk androgens will require a better understanding of the 
physiological, environmental and genetic bases for this variation, the 
contribution of yolk androgens to offspring performance in free-living birds, and 
the trade-offs that constrain the evolution of maternal androgen investments in 
eggs. Given the ability to manipulate androgens levels independently in either 
eggs or females, it should be possible to isolate the consequences of increased (or 
decreased) androgen levels on offspring and female performance. 
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CHAPTER 5. VARIATION IN JUVENILE GROWTH RATES: RELATIVE 
EFFECTS OF PARENTAL AND ENVIRONMENTAL FACTORS 
A paper to be submitted to the journal Ecology 
Wendy L. Reed 
Abstract 
Variation in growth rates during the juvenile period can have a large 
influence on variation in adult morphological, behavioral and life-history 
characteristics. In birds, the mechanisms that generate and maintain variation in 
juvenile growth rates can be analyzed in context of pre-hatching and post-
hatching factors. I distinguished between the relative contribution of these two 
factors on growth rates of juvenile American coots {Fulica americana) by 
randomly fostering chicks among nests at the time of hatch. Pre-hatching factors 
that influenced juvenile growth rates included a combination of genetic and 
maternal effects present in eggs, as well as whether an egg was laid in the first or 
second half of its clutch. Eggs laid earlier in the clutch had slightly higher growth 
rates relative to eggs laid later in the clutch. This result corroborates the 
hypothesis that females allocate resources unequally among offspring in a way 
that exacerbates the effects of hatching asynchrony. Post-hatching factors that 
influenced growth rates included the foster nest in which a bird was raised. 
These effects reflect the extent to which habitat quality and efficacy of post-natal 
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parental care influence growth rates. Gender and hatch date also affected growth 
rates, with males growing faster than females, and birds with later hatch dates 
growing faster than birds with earlier hatch dates. 
Introduction 
Environmental conditions experienced early in life can have significant 
and long lasting effects on subsequent behavior, morphology, and life-history 
traits of adults (Boag and Grant 1981, Boag 1987, van Noordwijk et al. 1988, 
Altmann 1991, Larsson and Forslund 1991, Haywood and Perrins 1992, Roff 1992, 
Bernardo 1993, Schluter and Gustafsson 1993, Sinervo 1993, Cheverude and 
Moore 1994, Horak 1994, Potti and Merino 1994, Gustafsson et al. 1995, Sedinger 
et al. 1995, Brinkhof 1997, de Kogel 1997, Potti 1999). In particular, variation in 
growth rates as a juvenile can result in size differences that accumulate with age 
and contribute to variation in age at maturation, fecundity and survival as adults 
(Haywood and Perrins 1992, Bernardo 1993, Schluter and Gustafsson 1993, Horak 
1994, Gustafsson et al. 1995, Sedinger et al. 1995, de Kogel 1997, Potti 1999). 
Studies from a wide variety of avian species have documented considerable 
variation in juvenile growth rates and body size among and within populations 
(e.g., Ricklefs 1983, Rhymer 1992, Brinkhof 1997), however, the mechanisms that 
generate this variation can be difficult to isolate. 
The factors that contribute to variation in juvenile growth rates can be 
broadly characterized as either genetic or environmental in origin. Genetic 
effects on growth rates and body size are reflected in estimates of heritability. 
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which indicate the proportion of the total phenotypic variation generated by 
additive genetic differences among individuals (Falconer and MacKay 1996). 
Most published studies of both domesticated and natural populations of birds 
indicate high additive genetic variance for the asymptotic size reached under 
high food availability, but few studies have found heritable genetic variation for 
growth rates or for body size under poor food conditions (Merila 1997, van 
Noordwijk and Marks 1998, Thessing 1999, Kunz and Ekman 2000). Potential 
environmental impacts on growth include maternal effects experienced by the 
embryo, parental effects experienced after hatching, and the external 
environment such as that created by weather conditions and habitat quality. 
In birds, variation in growth rates during the juvenile stage can be 
understood as a function of factors present during both pre-hatching and post-
hatching time periods and the effects of each of these periods can be 
distinguished with a fostering protocol. Effects that are present prior to hatching 
include genetics, egg characters (size and composition) and incubation 
conditions. Effects that are present after hatching include habitat quality and 
efficacy of parental provisioning and care. 
Most studies quantifying the relative impact of parental and 
environmental impacts on growth in natural populations of birds have focused 
on birds with altricial young (e. g., van Noordwijk et al. 1988, Schluter and 
Gustafsson 1993, Potti and Merino 1994, but see Brinkhof 1997, Larsson 1993 for 
examples in semi-precocial and precocial birds). Growth rates in altricial young 
are relatively easy to quantify because young are contained in the nest 
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throughout the post-natal period, and all food resources are provided by the 
parents. However, post-hatching growth rates of altricial young tend to be higher 
than growth rates of precocial young (Ricklefs et al. 1998), and given the 
differences in behavior and growth rate between precocial and altricial young, 
the constraints on growth and the mechanisms that generate intraspecific 
variation in growth rates may be fundamentally different. For example, altricial 
young depend on parents for food, thus their growth rates may be more a 
function of parental efficacy than in precocial young, which are able to self-feed 
relatively quickly after hatching (van Noordwijk and Marks 1998). I studied the 
relative influence of both pre- and post-hatching time periods on growth of free-
living, precocial American coot (Fulica americana) chicks by fostering 
individuals among different nests of unrelated females at the time of hatch. 
American coots are abundant and conspicuous members of the wetland 
bird community. Adults defend territories on ponds, which are used throughout 
the breeding season (May through July) during both the egg incubation and 
brood rearing periods (Gullion 1953). Adult coots build nests attached to 
emergent vegetation, and females lay from 5 to 16 eggs per clutch (pers. obs.). 
Males and females share incubation duties, as well as feeding and brooding of 
young during the first few weeks after hatching (Alisauskas and Arnold 1994). 
hatchlings are mobile and able to leave the nest immediately, but they depend on 
their parents for feeding for the first 7-10 days after hatching (Alisauskas and 
Arnold 1994, Desrochers and Ankney 1986, Driver 1988). Juveniles feed 
primarily on invertebrates for the first week after hatching, after which they 
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switch to feeding mainly on vegetation (Driver 1988). Unlike many other birds 
that breed in the same habitat, adult coots and their offspring remain on the 
same territory throughout the breeding season, and movement of broods among 
ponds is rare. These characters make coots an ideal system to study the relative 
growth consequences of factors present at the egg stage versus factors present 
during the chick-rearing stage. 
Methods 
I studied a population of American coots breeding in the prairie-parkland 
region south of Minnedosa, Manitoba, Canada (50° 16' N, 99° 50' W) during the 
1999 breeding season (May through July). To estimate the shape of growth 
curves during the first few weeks after hatching I hand-reared chicks on ad 
libitum food and water. To estimate growth of chicks reared by adult coots in the 
wild, I monitored growth of chicks from nests on randomly selected ponds that 
each contained a minimum of 2 breeding coot pairs. This allowed me to 
estimate variation in growth rates among ponds as well as within ponds. 
During the egg laying stage and egg incubation stage, I located all nests (n = 
151 nests) within ponds (n = 53 ponds), marked eggs at their blunt end with a 
unique code, and measured their length and breadth to the nearest 0.1 mm with 
digital calipers. Egg masses of 1295 eggs were estimated from their linear 
dimensions (Hoyt 1979, see Chapter 3). Once a clutch of eggs was complete, I did 
not revisit nests until the eggs were expected to pip externally (~23 d after the 
third egg was laid). 
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Chicks reared in captivity 
I transported all pipped eggs into the laboratory in warmed containers and 
placed them in an incubator (G. Q. F. Manufacturing. Co., model 1202) set at 37 °C 
to complete hatching, a process which took between 8-24 h. This procedure 
allowed me to identify which chick hatched from which egg. Once chicks 
hatched and were dry, I weighed them to the nearest 0.01 gram on a digital 
balance, marked each chick with a uniquely colored nape tag (Gullion 1951), and 
measured the length of the head from cerebellar prominence to the tip of the bill, 
and the right tarsometatarsus, tibiotarsus, and forearm (radius and ulna) to the 
nearest 0.1 mm with digital calipers. Fifteen of these chicks were kept under a 
brood lamp and hand-fed a diet of invertebrates collected from local ponds with 
sweep nets and chick starter every two daylight hours for the first 10 days after 
hatch. At all times, these chicks had continuous access to water and moistened 
chick-starter to stimulate self-feeding. After 10 days, the birds were moved to an 
outdoor, partially submerged pen which provided access to pond water and 
"loafing" areas. Chick-starter was provided ad libitum. The pen allowed chicks 
to begin foraging for vegetation and invertebrates that are found naturally on 
ponds containing coots. Each evening the chicks were collected, weighed to the 
nearest gram, and taken to a protected shelter, and every other day 
morphometric measurements were made of their head and limbs (see above). 
Two of the initial 15 chicks in the study died three and six days after hatching; 
data from these chicks were excluded from analyses. A third chick escaped after 
23 days and data from it are included until 23 d after hatching. The remaining 12 
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birds were raised for either 32 or 33 days. At the end of the study, I euthanized 
the birds with an overdose of inhaled anesthetic, weighed them, measured their 
head and limbs, and dissected them to determine gender from inspection of 
gonads. 
Chicks reared in wild by foster parents 
Pipped eggs were collected and hatched as described above. After hatching, 
I weighed, measured and marked chicks as described above and randomly 
assigned them to be reared by adult coots at one of the nests in the study. Each 
foster family received 9 chicks, all hatched within 36 h of one another. I noted 
whether a chick had hatched in the first or second half of its clutch as a proxy for 
whether the egg was laid early or late relative to other eggs in its natal clutch. 
The fostering design minimized between-nest variation in juvenile growth due 
to differences in brood size, and minimized within-brood variation in juvenile 
growth rates due to differences in the age of chicks. I fostered 486 chicks into 54 
foster nests located on 20 ponds. Adults readily accepted foster chicks. For each 
chick, I knew the size of egg from which it hatched, the relative hatching 
sequence of the egg within its natal clutch, the genetic parents and pond on 
which it was produced, the foster parents and pond on which it was fostered, and 
the initial mass of the chick at hatch. This information allowed me to test for the 
relative effects of pre-hatching (egg size, relative laying sequence, natal nest and 
natal pond) and post-hatching (foster nest and foster pond) factors on offspring 
growth. 
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I revisited ponds 20 - 23 days after the chicks were fostered to recapture 
individuals and measure growth. Individuals were caught by hand or with aid 
of trained dogs (130 birds were re-caught, 5 had lost their nape marker). The birds 
I collected came from 40 foster nests located on 20 ponds, these birds originated 
from 46 natal nests distributed among 22 natal ponds. I euthanized birds with an 
overdose of ir\haled anesthetic, weighed them to the nearest g, repeated 
measurements of head and limbs, and dissected them to determine gender from 
inspection of gonads. 
Analyses 
1 used the average daily instantaneous growth rate as the response variable 
and evaluated the relative influence of pre- and post-hatching effects on growth 
to approximately 3 weeks of age (d 20-23). 1 used a multiple linear regression 
with nested effects (JMP; SAS Institute 1993), and egg size, natal pond, natal nest 
within natal pond, and relative laying sequence as effects reflecting pre-hatching 
investments, and foster pond and foster nest within foster pond as effects 
reflecting post-hatching investments. Gender and hatch date were used as 
additional effects in the model. Ponds and nests for this experiment were chosen 
at random, thus natal nests, natal ponds, foster nests and foster ponds were all 
considered random effects in this model. With the large number of effects (n = 8) 
and relatively small sample size (n = 125), I have low power to detect significant 
effects. 
Instantaneous growth rates were calculated as follows: 
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W, = Woe=' (6.1) 
and solved for growth rate (G), where W, is the mass at recapture (g), WQ is the 
initial mass at hatch (g), and t is age at re-capture in number of days since hatch. 
Instantaneous growth rates account for differences in re-capture mass that may 
be due to differences in initial size (egg and hatchling size). 
Results 
In both captive and wild-reared coots, measurements of the head, limbs 
and body mass were positively correlated with one another (r > 0.85 in all cases. 
Table 5.1). Mass increased exponentially with age (Fig. 5.1) in captive-reared birds 
and ranged from 103 to 257 g on day 23, indicating considerable variation in 
growth rates among individuals (Fig. 5.1). 
The masses of captured coot chicks reared in the wild for approximately 3 
weeks ranged from 61 to 271 g (mean = 176, sd = 47, n=129), and instantaneous 
growth rates were normally distributed (Shapiro Wilk W = 0.97, P = 0.18). The 
statistical model explained a significant and large proportion of the variation in 
growth rates (fg^jg = 3.09, P = 0.0001, r^ = 0.88, Table 5.2). Some pre-hatching 
effects (egg size and natal ponds) explained none of the variation in growth rates. 
However, natal nests within natal ponds (Fig. 5.2) and relative laying sequence 
within natal clutch did explain a significant proportion of the variation in 
growth rates (early in sequence: mean = 0.103 g/g/d, SE = 0.001, n = 56; late in 
sequence 
Table 5.1 Correlation coefficients of morphometric measurements for captive and wild-reared coot chicks. 
Body mass Tarsometatarsus Tibiotarsus Forearm Head 
Captive (n=12) 
Body mass 1.00 0.98 0.94 0.93 0.96 
Tarsometatarsus 1.00 0.96 0.90 0.98 
Tibiotarsus 1.00 0.92 0.86 
Forearm 1.00 0.93 
Head 1.00 
Wild (n=130) 
Body mass 1.00 0.91 0.93 0.91 0.90 
Tarsometatarsus 1.00 0.95 0.86 0.91 
Tibiotarsus 1.00 0.90 0.85 
Forearm 1.00 0.92 
Head 1.00 
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Figure 5.1 Exponential growth of coot chicks reared in captivity on ad libitum 
food. 
Table 5.2 Results from mixed model ANOVA (n = 125) testing for pre- and post-hatching effects on coot growth. 
Source 
Whole Model 
Pi«-hatching effects 
Natal pond 
Natal nest [natal pond] 
Egg mass 
Position within natal clutch 
Post-hatching effects 
Foster pond 
Foster nest [foster pond] 
Covariates 
Gender 
Hatch date 
Error 
ss MS F num den P 
0.0221 0.0003 3.0938 86 38 0.0001 
0.0012 0.0001 0.3256 19 20 0.9911 
0.0040 0.0002 2.1861 22 38 0.0167 
0.0001 0.0000 0.4912 1 38 0.4877 
0.0003 0.0003 3.8043 1 38 0.0585 
0.0048 0.0003 1.0726 17 20 0.4356 
0.0054 0.0003 3.4389 19 38 0.0006 
0.0010 0.0010 11.4335 1 38 0.0017 
0.0009 0.0009 10.7914 1 38 0.0022 
0.0032 0.0001 38 
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Figure 5.2 Instantaneous growth rates of chicks for each natal nest grouped by 
natal ponds. Natal nests, but not natal ponds, account for a significant 
portion of the variation in growth rates. Data are mean and standard 
error bars for growth rates for each natal nest within each natal pond. 
Ponds were ordered from highest to lowest mean growth rate; 
ordering is not meant to reflect a trend. 
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mean = 0.010 g/g/d, SE = 0.002, n = 55). The post-hatching effect of foster nests 
within foster ponds explained a significant proportion of the variation in growth 
rates (Fig. 5.3). Gender and hatch date also accounted for a significant proportion 
of the variation in growth rates. Males grew faster and attained a greater mass at 
capture than did females (mean male mass = 191 g, sd = 47, mean female mass = 
153 g, sd = 37). The secondary sex ratio at recapture was biased towards males 
(Pearson - 6.70, P = 0.01), 62% of the captured birds were male (n = 77) and 38% 
were female (n =48). Although a much smaller sample size, the sex ratio of the 
captive birds was also skewed towards more males (9 males and 3 females). All 
birds hatched within a 20-day period of one another Oune 2 through June 21), 
and growth rates were higher for birds with later hatch dates than for birds with 
earlier hatch dates. 
Discussion 
Growth in captivity 
Growth in captive coot chicks during the first three weeks after hatching 
was exponential, however there was considerable inter-individual variation in 
the rates of exponential increase. Because the shapes of all growth curves were 
similar during the first three weeks of age (with no plateau in mass reached), the 
use of calculated average daily instantaneous growth rates to describe growth in 
wild-reared birds is appropriate. In captive-reared birds, chicks with lower 
growth rates were at an earlier stage of feather development relative to chicks 
with higher growth rates (pers. obs.). This observation suggests that plumage 
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Figure 5.3 Instantaneous growth rates of chicks for each foster nest grouped by 
foster ponds. Foster nests, but not foster ponds, account for a 
significant portion of the variation in growth rates. Data are mean and 
standard errors of growth rates for each foster nest within each foster 
pond. Ponds were ordered from highest to lowest mean growth rate; 
ordering is not meant to reflect a trend. 
140 
development is size and not age dependent. One technique used to age coot 
chicks and ducklings is based on the degree of plumage development (Gullion 
1954, Desrochers and Ankney 1986, Driver 1988). However, feather development 
may be a better reflection of condition and growth rather than age of the birds. 
The variation in mass of the captive chicks at the end of three weeks was 
similar in magnitude to that found in birds of the same age raised by foster 
parents. This result suggests that, even though captive birds were provided with 
food ad libitum, individuals must have differed in their ability to acquire and 
assimilate the available resources. There was considerable variation among 
individuals in their propensity to beg and their interest in feeding (pers. obs.) 
which likely contributed to the differences in growth rates. In addition, because 
nearly all chicks were from different nests (except for two siblings) variation in 
growth rates and feeding behaviors may also reflect genetic or maternal effects 
present at the egg stage (see below). 
Growth in the wild 
American coot chicks reared in the wild exhibited considerable variation 
in growth rates which resulted in over a four-fold difference in mass between the 
fastest and slowest growing birds at three weeks of age. This variation was 
explained in part by both pre- and post-hatching factors which are discussed 
below, but growth was also a function of gender and the date of hatching. Male 
chicks grew faster than female chicks. As adults, coots exhibit sexual size 
dimorphism with males on average 140 g larger than females (mean adult male 
mass = 670 g, SE = 8, n = 98 and mean adult female mass = 530 g, SE = 5.7, n = 99, 
141 
Arnold 1990, Alisauskas 1987). In many other species that exhibit sexual size 
dimorphism as adults, the differences in size are evident by the time the birds 
fledge from the nest (Fiala 1981, Anderson et al. 1993, Brinkhof 1997). A 
consequence of sexual size dimorphism present during the growth stage is a 
greater cost of production of one sex over the other, which is often accrued by 
parents (Fiala and Congdon 1983, Anderson et al. 1997). Several studies have 
recently suggested that birds are able to manipulate the primary and secondary 
sex ratios of their offspring (Komdeur et al. 1997, Kilner 1998, Oddie 1998, Pen 
and Weissing 2000, Radford and Blakey 2000), and that this may be a mechanism 
by which parents can control the amount of effort expended in producing 
offspring when environments are heterogeneous (Komdeur et al. 1997, Kilner 
1998). 
Growth rates in this population of coots were positively associated with 
hatch date. This is in contrast to a study of European coots {Fiilica atra) by 
Brinkhof (1997) which found that in general, growth rates of these birds declined 
with hatch date. I focused on coots hatching within a relatively short period of 
time (20 days), and this period occurred at the beginning of the season, which 
does not provide a complete picture of the potential effects of late hatching date 
on growth. The positive effect of the relatively short hatching period on growth 
suggests that environmental conditions were improving over this 20-day period. 
Pre-hatching effects on growth 
The environment female coots experience prior to egg laying could 
influence the quality of eggs she produces. Female coots rely on exogenous 
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energy sources gained on the breeding grounds to produce eggs, as opposed to 
relying on endogenous fat or protein reserves (Arnold and Ankney 1997, but see 
Alisauskas and Ankney 1985). Coot pairs settle on breeding ponds several weeks 
prior to egg laying, and the local resources within ponds are the most likely 
source of energy and nutrients used to produce eggs. Some levels of resources in 
eggs have been shown to be influenced by environmental and social conditions 
experienced by females prior to laying (Gil et al. 1999, Blount et al. 2000, 
Cunningham and Russell 2000, Eising et al. 2000, Chapter 4), and these resources 
have been linked to juvenile performance after hatching. In coots, other 
reproductive characters are also influenced by heterogeneity in food availability. 
Food supplementation studies have shown that reproductive characters (laying 
date, clutch size, egg size, lipid content) are influenced by the level of available 
resources (Hill 1988, Arnold et al. 1991, Arnold 1994). Although ponds may vary 
in resources, I found no evidence that the pond on which an egg was produced 
had any influence on the growth of chicks after hatching. This result suggests 
that heterogeneity in resources among ponds prior to egg laying does not 
translate into variation in the quality of resources in eggs that can subsequently 
affect juvenile performance. 
Although I did not detect an effect of natal ponds on chick growth, I did 
detect an effect of the natal nest on growth. This result suggests that 1) there is a 
heritable component to growth rates or 2) that maternal effects present in eggs 
influence post-hatching growth. In this study, I am unable to distinguish 
between these two mechanisms. There is increasing evidence, however, that 
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females can influence the survival and growth of their offspring through both 
genetic and non-genetic mechanisms (Schluter and Gustafsson 1993, Potti 1999). 
Several studies of cross-fostered young have suggested that post-hatching growth 
rates are heritable, and these estimates are based on resemblance of siblings (Price 
and Grant 1985, Rhymer 1992, Gebhardt-Heinrich and van Noordwijk 1991, 
Smith and Wettermark 1995, Brinkhof et al. 1999, Kunz and Ekman 2000). These 
estimates of genetic variation are difficult to interpret because they are 
confounded by potential maternal effects present at the egg stage. Most of these 
studies have assumed that the influence of maternal effects present at the egg 
stage is minimal. However, a growing body of evidence suggests that resources 
in avian eggs can have large effects on juvenile performance (Schwabl 1993, 1996, 
Blount et al. 1999), and the impact of maternal effects should not be assumed 
minimal. 
A commonly measured maternal effect is egg size, and there is a long­
standing interest in establishing a relationship between egg size and offspring 
growth and survival after hatching (reviewed in Williams 1994, Reed et al. 1999, 
Styrsky et al. 1999). Although I did find effects of genes and maternal 
investments on growth rates (natal nest effect), the influence of egg size per se on 
post-hatching growth was insignificant. If maternal effects are important, this 
suggests that females may invest resources other than "size" in eggs that can 
affect growth. 
One maternal resource that may have long-lasting effects on offspring 
growth is maternally-derived androgens in egg yolks (Schwabl 1996). The yolks 
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of coot eggs from different females exhibit considerable variation in the levels of 
maternally-derived androgens, and these levels are not associated with the mean 
size of egg a female produces (Chapter 4). Experimental evidence from captive 
canaries suggests that chicks from eggs with high levels of testosterone grow 
faster after hatching than chicks from eggs with low testosterone levels (Schwab 1 
1996). Variation in yolk testosterone levels among female coots is one maternal 
resource that may provide a mechanism for the effect of natal nest on post-
hatching growth. 
In this population of American coots, both egg size and testosterone levels 
in egg yolks vary with laying sequence such that earlier-laid eggs are larger and 
have higher testosterone levels than later-laid eggs (Chapters 3 and 4). In a 
previous fostering experiment, survival during the first two weeks after 
hatching was associated with the relative size of an egg within its natal nest 
(Chapter 3). Independent of the effects of brood size and hatching asynchrony, 
chicks from eggs that were relatively large in their natal clutch had higher 
survival than chicks from relatively small eggs. In the present study, the effect of 
hatching position (a crude proxy for laying sequence) within a natal clutch 
suggests that the earlier laid eggs are not only larger, have higher androgen 
levels and produce chicks with higher survival, but they also produce chicks 
with higher post-natal growth rates relative to chicks hatching from later-laid 
eggs. These data further corroborate the hypothesis that maternally-derived 
resources are allocated imequally among offspring in a way that exacerbates the 
effects of hatching asynchrony in American coots (Chapters 3 and 4). 
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Post-hatching effects on growth 
The effect of foster nests on growth rates likely reflects a combination of 
among-pond differences in resource availability or accessibility and efficacy of 
parental care. Prairie potholes exhibit heterogeneity in water chemistry, 
vegetation structure and invertebrate communities on both temporal and spatial 
scales (Swanson et al. 1985, Krapu and Reinecke 1992, Baldassarre and Bolen 
1994). During the first few days after hatching, the main component in the diet 
of almost all juvenile birds using these ponds is invertebrate prey (Driver 1988, 
Desrochers and Ankney 1986, Sedinger 1992, Cox et al. 1998). In a population of 
mallard ducklings (Anas platyrhyncos) raised on ponds with experimentally 
manipulated invertebrate densities, duckling growth rates varied considerably 
among ponds and were positively correlated with invertebrate abundance (Cox et 
al. 1998). Unlike most duck broods, coot broods do not move among ponds and 
cannot take advantage of heterogeneity in habitat quality. Thus, the decisions 
made by adult coots when settling on ponds at the beginning of the season may 
have more severe consequences for the growth and quality of their young later 
in the season than in species that can move broods among ponds and are able to 
adjust to spatial and temporal variation in pond quality. 
The effect of the identity of the foster nest within foster ponds on growth 
rates also suggests that 1) breeding territories within ponds vary in the 
availability of resources important for growth or 2) foster parents differ in their 
ability to feed and care for young after hatching. Adult coots maintain territories 
on ponds throughout the breeding season. Territory defense behaviors are 
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highest during territory establishment and at the time broods hatch; then 
aggression decreases as chicks age (Gullion 1953). However, adult coots will 
maintain territory borders and continue to aggressively defend their space 
against one another and will even attack chicks from other nests until the chicks 
begin to gain independence (pers. obs., Gullion 1953). Spatial variation in 
invertebrate abundance and densities within ponds can result in patchy prey 
distributions (Voigts 1976, Sedinger 1992), and this may contribute to variation in 
territory quality and growth rates of young within ponds. 
Alternatively, variation in growth among foster nests may reflect the 
quality of parental care after hatching. Several studies that have also used 
fostering designs to separate pre- and post-hatching effects on growth and 
survival have found that quality of parental care was more important in 
determining offspring performance than pre-hatching factors like egg size (e.g. 
Amundsen and Stokland 1990, Reid and Boersma 1990, Bolton 1991, Blomqvist 
et al 1997). Variation in parental quality has been attributed to parental age, 
experience and body size. Coot chicks receive their food almost exclusively from 
their parents during the first week after hatching and may continue to feed until 
three to four weeks of age (pers obs.) During this time, differences in adult 
foraging proficiency or other behaviors may influence growth rates of young and 
account for the impact of foster nests. 
Summary 
Growth of American coot chicks in the wild is highly variable, and is 
influenced by both pre- and post-hatching factors. The spatial and temporal 
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variation in invertebrate prey and vegetation among ponds may be ultimately 
responsible for a large portion of this variation. Food availability, whether due 
to differences in prey abundance or the ease and ability of parents to procure prey, 
appears to be the most important environmental factor influencing postnatal 
growth in many bird species (Martin 1987). Low postnatal growth rates and low 
body size at fledging are associated with high post-fledging mortality (Alatalo and 
Lundberg 1986, Davies 1986, Owen and Black 1989, Smith et al. 1989, Magrath 
1991, Schmutz 1993), low recruitment rates into the breeding population 
(Tinbergen and Boerlijist 1990, Gebhardt-Henrich and van Noordwijk 1991) and 
low fertility as adults (Haywood and Perrins 1992). Growth rates clearly have 
important effects on fitness, however, given the large impact of the 
environment, growth rates reflect a high degree of phenotypic plasticity. 
Regardless of the influence of the post-hatching environment on growth, 
the quality of resources present at the egg stage (genetic and maternally-derived 
egg resources) did exert a residual influence on chick growth. The ability of a 
female to influence her offspring's performance through investments made to 
eggs is striking. Results from this study are consistent with previous studies (see 
chapters 3 and 4), and with the hypothesis that females allocate resources 
unequally among offspring at the egg stage. This maternal effect is not mediated 
through differences in egg size per se , but is evident in relative allocation of 
resources (e.g. egg size and yolk androgens) to individual offspring within 
clutches. 
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All things being equal, chicks that hatch late in the brood have lower 
growth rates and lower survival than chicks that hatch earlier in the brood. The 
unequal allocation of resources among young may be part of an adaptive strategy 
for parents to effectively reduce brood size when environmental conditions are 
poor. The degree to which growth rates are heritable and selection acts to 
increase growth rates are still unclear. The effects of maternally-derived 
resources present in eggs versus genes responsible for growth rates must be 
separated to obtain a more complete understanding of the past evolution and 
potential for further evolution of post-natal growth rates. 
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CHAPTER 6. GENERAL CONCLUSIONS 
The total amount of energy a female invests towards reproduction should 
have the largest impact on female fitness, whereas the amount of energy 
invested in individual offspring should have the largest impact on offspring 
fitness (Winkler and Wallin 1987, Steams 1992, Bernardo 1996). This is a basic 
premise of life-history theory, and a prediction is that large egg size, which is a 
measure of per-offspring investment, should enhance juvenile performance. In 
many organisms, particularly those in which egg size is the main, or only 
investment in offspring (i.e. no parental care) egg size does increase juvenile 
survival (e.g., plants: McGinley et al. 1987; invertebrates: Azevedo et al. 1997, 
Jann and Ward 1999; amphibians: Kaplan 1980, 1992; reptiles: Sinervo 1990, 
Janzen 1993; fish: Einum and Fleming 1999, Heath et al. 1999). In birds, post-
hatching parental care is often a large component of parental investment and the 
contribution of egg size to offspring performance is unclear (Williams 1994). The 
work presented in this dissertation addresses how energetic and hormonal 
investments made by females vary with egg size, and what the consequences of 
this variation are for offspring growth and survival in a free-living population 
of American coots {Fulica americana). 
In American coots, eggs vary in size at three levels: across the entire study 
population, among eggs from different females and among eggs within clutches. 
In this population, there is nearly a 80% difference between the smallest and 
largest eggs. Most of this variation is due to among-female differences in the size 
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of eggs produced. This pattern appears to be typical for most species and is often 
used as a proxy for female quality, where females laying large eggs are assumed to 
be of higher quality than females laying small eggs (e.g., Amundsen and 
Stokland 1990, Reid and Boersma 1990, Bolton 1991). Females also account for 
most of the variation in yolk androgen concentrations, however androgen levels 
are not correlated with the size of eggs a female produces. Large eggs do contain 
more energy and resources in the form of yolk, albumen, eggshell and water 
than small eggs, and the absolute amounts of these resources appear to 
contribute to hatchling energy reserves. Hatchlings from large eggs have 
proportionately more yolk and body fat, but proportionately less tissue and water 
than hatchlings from small eggs. The differences between hatchlings from large 
and small eggs are considerable, but they do not appear to influence offspring 
growth or survival as evidenced by the lack of a relationship between absolute 
egg size and offspring growth or survival. 
Female coots laying large eggs are not necessarily producing higher quality 
offspring, and egg size may be an inappropriate measure of female quality. 
Although I did not detect an effect of egg size per se on growth and survival, 
these results are not necessarily contrary to the premise that per-offspring 
investments are expected to enhance offspring performance. Variation in egg 
size within clutches reflects per-offspring investments, and it is this level of 
variation that does affect growth and survival. The concordance of intraclutch 
patterns of androgen levels with those of egg size suggests that females are not 
just allocating the yolk, albumen and shell to different offspring, but they are also 
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allocating androgens and possibly other resources in the same way. The levels of 
female investments to eggs does not appear to be the same for all resources; that 
is, a female that lays large eggs doesn't necessarily lay eggs with high levels of 
androgens or high levels of other resources. The premise involving per-
offspring investments is best upheld at an individual female level as suggested 
by intraclutch patterns of resource allocation, which are more consistent than the 
patterns of investments among females. 
Although the pattern of intraclutch variation in egg size did appear to 
explain post-hatching survival and growth, the amount of variation in offspring 
performance that was explained by egg size and laying-sequence effects was very 
small. Post-hatching environmental effects have an overwhelmingly large 
impact on post-hatching growth and survival. These effects may include 
weather, predation, parental efficacy in feeding chicks, and spatial and temporal 
heterogeneity in food availability. Because environment factors have such a 
large effect on post-hatching performance and because most of these factors 
exhibit stochastic variation with respect to time and space, flexibility and 
variation in egg size, or other measures of reproductive investments, may be the 
most optimal reproductive strategy for females. The importance of these post-
hatching environmental effects may explain the extensive variation in egg size 
observed within avian populations and the lack of a relationship between egg 
size and offspring fitness in so many bird species. 
161 
References Cited 
Amundsen T., and J. N. Stokland. 1990. Egg size and parental quality influence 
nestling growth in the shag. Auk 107: 410-413. 
Azevedo R. B. R., V. French, and L. Partridge. 1997. Life-history consequences of 
egg size in Drosophila melanogaster. Am. Nat. 150: 250-282. 
Bernardo, J. 1996. The particular maternal effect of propagule size, especially egg 
size: Patterns, models, quality of evidence and interpretations. Am. Zool. 
36: 216-236. 
Bolton, M. 1991. Determinants of chick survival in the lesser black-backed gull: 
Relative contribution of egg size and parental quality. J. An. Ecol. 60: 949-
960. 
Einum, S. and I. A. Fleming. 1999. Maternal effects of egg size in brown trout 
{Salmo trutta): Norms of reaction to environmental quality. Proc. R. Soc. 
Lond. B 266: 2095-2100. 
Heath, D. D, C. W. Fox and J. W. Heath. 1999. Maternal effects on offspring size: 
Variation through early development of chinook salmon. Evolution 53: 
1605-1611. 
Jann, P. and P. 1. Ward. 1999. Maternal effects and their consequence for offspring 
fitness in the yellow dung fly. Funct. Ecol. 13: 51-58. 
Janzen, F. J. 1993 An experimental analysis of natural selection on body size of 
hatchling turtles. Ecology 74: 332-341. 
162 
Kaplan, R. H. 1980. The implications of ovum size variability for offspring fitness 
and clutch size within several populations of salamanders {Ambystoma). 
Evolution 34: 51-64. 
Kaplan, R. H. 1992. Greater maternal investment can decrease offspring survival 
in the frog Bombina orientalis. Ecology 73: 280-288. 
McGinley, M. A., D. H. Temme and M. A. Geber. 1987. Parental investment in 
offspring in variable environments: Theoretical and empirical 
considerations. Am. Nat. 130: 370-398. 
Reid, W. v., and P. D. Boersma. 1990. Parental quality and selection on egg size in 
the Magellanic penguin. Evolution 44: 1780-1786. 
Sinervo, B. 1990. The evolution of maternal investments in lizards: An 
experimental and comparative analysis of egg size and its effects on 
offspring performance. Evolution 44: 279-294. 
Steams, S. C. 1992. The Evolution of Life Histories. 249 pp. New York: Oxford 
University Press. 
Williams, T. D. 1994. Intraspecific variation in egg size and egg composition in 
birds: Effects on offspring fitness. Biol. Rev. 68: 35-59 
Winkler, D. W., and K. Wallin. 1987. Offspring size and number: A life history 
model linking effort per offspring and total effort. Am. Nat. 129: 708-720. 
163 
ACKNOWLEDGMENTS 
Although my name is on the frontispiece of this work, numerous people 
have contributed to, and aided in the completion of this dissertation. These 
contributions have varied from encouragement and support during the tough 
times, to the intellectual challenges, debate and discussion that have developed 
my potential as a scientist. The success of my graduate program at Iowa State is a 
direct reflection of the quality of the academic, social and personal community I 
have found here in Ames and I am deeply indebted and sincerely admire all of 
these people. 
My major advisor, Carol Vleck, and committee members; Brent 
Danielson, Eugenia Farrar, Fred Janzen and Hal Stem, have played a critical role 
in directing my graduate program. On numerous occasions they have endured 
by aimless wanderings and pointless questions. I could not have asked for better 
role models and mentors. Special thanks go to Carol for her incredible patience 
and friendship. Although Todd Arnold, Bill Clark and David Vleck were not on 
my committee, they have all listened to and read my often convoluted 
arguments and ideas and helped to improve their content. 
My friendships and interactions with other graduate students, post-docs 
and staff have made all the difference in the quality of my life. My friendships 
with Tamara Ross Anderson, Asnin Kristmundsdottir, Paul Wetzel, Eric 
Seabloom, Ben Klaas, Glenn Benoy, Erik Osnas, Leslie Ries, Elizabeth Borer, 
Jason Kolbe and Jim Krenz have been invaluable. Special thanks go to Mark 
164 
Clark, for his endless support, encouragement and friendship. My family and 
friends of long ago have also been inspirational and endlessly supportive. 
Much of this work was funded by Delta Waterfowl and Wetlands Research 
Foundation, a doctoral dissertation improvement grant from the National 
Science Foundation (#IBN-98-01503), several Sigma Xi Grants-in-Aid of 
Research, and a grant from the American Museum of Natural History, Frank 
Chapman Fund. An EEB Scholarly Excellence Fellowship provided support 
during the writing portion of my dissertation. 
